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ABSTRACT 

Based on past experimentation, design recommendations 
from various codes and standards stipulate that a load path 
must be provided such that both the steel and the concrete 
of a concrete filled HSS beam column are loaded 
Simultaneously. This, in effect, ensures strain 
compatibility of the two materials at this location. A 
preferred arrangement would be to forego this expensive and 
inconvenient connection detail and in its place use a 
standard HSS beam column connection in which the load is 
transferred through the connection into the steel shell 
without attempting to introduce the load directly into the 
concrete. In such a connection strain compatibility is not 
ensured. 

The main objective of this study was to determine the 
change in behaviour and ultimate load capacity of concrete 
filled HSS beam columns when strain compatibility was not 
ensured. This was accomplished in four steps as summarized 
here. 

1. A Series of tests were conducted on bare steel, and 
concrete filled, strain compatible and non-strain 
compatible rectangular HSS beam columns, to obtain the 
necessary information for subsequent analyses. 

2. A detailed analysis of the data from the non-strain 
compatible test series was done to determine the method 
and rate of load transfer from the steel shell to the 


concrete core. Four types of load transfer mechanisms 
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have been identified and are: 

a. Adhesion 

b. Micro-interlocking of surface irregularities of the 
steel tube with the cement paste 

cous Macroranterilockings>. Friction Type 

d. Macro-interlocking - Binding Type 

A mathematical model was developed for the 

micro-interlocking load transfer mechanism. The solution 

of the governing differential equation shows excellent 

agreement with corresponding test data. 

A comparison was made of the ultimate loads obtained 

from the. bare steel and concrete filled strain 

compatible HSS beam column tests and the values 

predicted for the corresponding columns by various codes 

or standards. With the exception of those beam columns 

approaching and including pure flexural behaviour, the 

ultimate load values were predicted with reasonable 

accuracy. 

A further comparison of the non-strain compatible test 

series with the strain compatible test series suggests 

that there is no difference in flexural stiffness or 

general load deflection behaviour between the two types. 

Based on the limited data a simple empirical formula was 

developed to describe the reduction in ultimate load 

capacity from the strain compatible to the non-strain 

compatible case as a function of column slenderness and 


eccentricity of the applied load. 
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It is plausible that current code or standard 
formulations could be used to describe the strength of 
non-strain compatible HSS beam columns, if an ultimate load 
reduction capacity factor similar to the one described 


previously, was incorporated. 
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Elastic modulus of steel; Coefficient used to 
describe a load-deformation curve 


Elastic modulus of concrete 


Effective elastic modulus of concrete 


= Elastic modulus of a steel tension coupon 


Modified modulus of elasticity for a composite 
column 


Elastic modulus of steel 


= Elastic modulus of a steel stub column 


Tangent modulus 
Eccentricity of the applied load 
Initial out-of-straightness at midheight 


Coefficient used to describe a load-deformation 
curve 


Modified value of yield stress for a composite 
section 


Ultimate tensile strength of the steel section 
Yield stress of the steel section 


Compressive strength of concrete expressed as a 
function of strain 


Uniaxial compressive strength of concrete 
Compressive strength of concrete 
Modulus of rupture of concrete 
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Kz 


Yield strength of the steel section 


Coefficient used to describe a load-deformation 
curve 


Inside dimension of the tube perpendicular to the 
axis of bending 


Non-dimensional column height 

Moment of inertia of the steel section 

Moment of inertia of the concrete section 

Moment of inertia of the steel section 

Effective length factor 

Effective length 

Non-dimensional coefficient which describes the 
Shape of column curve ‘'a' as a function of column 
slenderness 

Non-dimensional coefficient which defines the 
maximum axial load corresponding to an applied 


moment equal to the plastic moment capacity of 
the section as a function of column slenderness 


= Non-dimensional coefficient which defines the 


upper bound for Kz as a function of the concrete 
contribution parameter 


Length 

Linear variable differential transformer 
Length 

Effective column length 

End moment of the beam column 

Moment resistance of steel section 

Moment resistance of the composite section 


Ultimate moment resistance of the composite 
section 


Ultimate moment capacity of a beam 
Compressive force in the member 
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Euler critical load of a composite member 
Squash load for the composite section 
Squash load for the steel section 

Sample or population size; modular ratio, 
Applied load 


Composite stub column load carrying capacity 
expressed as a function of strain 


Load carried by the concrete as a function of 
length along the column from the lower end 


Squash load for the composite section 


Steel stub column load carrying capacity expressed 
as a function of strain 


Load carried by the steel as a function of 
length along the column from the lower end 


Ultimate load carrying capacity of a column 

0.48 x 0.83 x Fou/tsy 

Ratio of the ultimate load carrying capacity of 
non-strain compatible to strain compatible beam 
columns 

Radius of gyration of the steel section; 
correlation coefficient 

Radius of gyration of the concrete section 

Modified radius of gyration for a composite section 


Coefficient of determination 


Elastic section modulus of a steel section; short 
term load of the column 


Modified section modulus for a composite section 
Standard deviation 

Long term load of the column 

wall thickness 
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Shear load transferred per mm at a distance x 
along the length of the column from the lower 
end 

Relative Displacement between the two materials 
at a distance x along the length of the column 
from the lower end 

Mean value 

Plastic section modulus of a steel section 


The ratio of the smaller to the larger end 
moments 


Deflection of the column at midheight 


Strain 


Longitudinal strain in the concrete due to a load, 


Pex 


Strain at the maximum compressive strength, f¢ 


Longitudinal strain in the steel section due to 
the applied load 


Longitudinal strain in the steel due to a load, 


Strain at the ultimate tensile strength of a steel 


section 
Yield strain 


Ratio of the compressive resistance of steel to 
concrete 


Coefficient reflecting the effects of long term 
loading 


Coefficient relating material and geometric 
properties of the composite section 


End rotation of a pinned-ended column 


Non-dimensional slenderness ratio for a steel 
column 


Equivalent slenderness ratio for a composite 
column 


Non-dimensional slenderness ratio for a concrete 
column 
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comp Non-dimensional slenderness ratio for a composite 


column 

v = Poisson's ratio 

Tt = 3.1416 

p = Reinforcement ratio 

0 = Stress; standard deviation 

o,, = Longitudinal residual stress 

Op = Stress at a proportional limit 

stub = Average stress on a steel stub column as a 
function of strain 

tee = Static yield stress 

Osy = Static yield stress for a tension coupon 

coupon 
Tas = Static yield stress for a steel stub column 
stub 

rte = Through the thickness longitudinal residual stress 

T = Coefficient reflecting a decrease in strength in 
the steel section due to the development of a 
biaxial state of stress in the steel section 

ue = Coefficient reflecting an increase in strength in 
the concrete section due to the development of a 
triaxial state of stress in the concrete 

Ww = Coefficient used to determine equivalent uniform 


bending effect in beam-columns 
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1. INTRODUCTION 


1.1 General 

In all the tests conducted to establish the ultimate 
load carrying capacity and behaviour of concrete filled HSS 
beam columns in the last thirty years, as reported in the 
literature survey, the load was applied to the column in 
such a manner that both the steel and concrete were loaded 
Simultaneously, thus ensuring strain compatibility at the 
ends of the column. Current codes or standards also ensure 
that this is the case by stipulating that some type of shear 
transfer mechanism be implemented such that both materials 
are loaded proportionately at the point where the load is 
introduced into the column by using, for example, a cover 
plate on the HSS section. 

In multi-storey construction where the column lifts may 
be two or three storeys high, the most desirable approach 
from both an economical viewpoint and for ease of 
construction, would be to transfer loads from the beams of 
intermediate storey levels through connections into the 
steel shell without attempting to introduce the load 
directly into the concrete. 

Generally the failure of columns or beam columns loaded 
in single curvature occurs at a critical section which is 
located about midheight where curvature is a maximum. It is 
conceivable that the concrete and steel may act compositely 


at that location even though strain compatibility is not 
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ensured at the ends of the column. If this occurred the 


ultimate load and behaviour would be similar to that of the 


strain compatible case. In this circumstance, taking special 


measures to ensure strain compatibility would be uneconomic. 


The purpose of this thesis is to examine this premise in 


detail. 


1.2 Objectives 


The objectives of this experimental and analytical 


Study are: 


kA 


To determine the change in behaviour and ultimate load 
Capacity of concrete filled HSS beam columns when strain 
compatibility is not ensured at the end of the beam 
column where the load is introduced. 

To identify and give a physical interpretation of the 
various load transfer mechanisms between the steel shell 
and the concrete core for the non-strain compatible beam 
column series. 

To compare the ultimate load values, as determined by 
current or proposed design methods, with the respective 
values obtained from the beam column tests. 

To make recommendations for the design of non-strain 
compatible composite beam columns which reflect the 
change in behaviour and ultimate load capacity of this 
member type compared to strain compatible beam columns. 


To outline areas of future work. 
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1.3 Scope 

Bare steel and concrete filled strain compatible and 
non-strain compatible rectangular HSS beam columns were 
constructed and tested under laboratory conditions. These 
members were constructed from a cold formed steel HSS 152.4 
x 152.4 x 4.78, and concrete purchased from a local batch 
plant. Columns with slenderness ratios which reflected 
short, intermediate and long column behaviour were tested as 
pinned ended members under concentric loads and constant 
eccentric loads of 65 mm. Flexural specimens were tested as 
simply supported beams with a two point load system with 
equal shear spans, producing a constant moment region. All 
loads were short term. Analyses of load transfer mechanism 
type and characteristics, and comparisons of ultimate loads 
with various codes and standards were made with the data 


acquired from these tests. 


1.4 Outline 

A review of existing literature on concrete filled HSS 
beam columns is presented chronologically in Chapter 2 under 
the following subheadings: 
1. Experimentally based research 
2. Analytical methods and parameter studies 
3. Development of design recommendations 

The objectives of the experimental program and the 
method by which they were achieved are outlined in Chapter 


3. The purpose, number and type of tests, the 
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instrumentation and experimental method are all described in 
detail. 

Material properties and load deformation behaviour of 
the steel and concrete and the stub columns are defined in 
Chapter 4. 

The test results presented in Chapter 5 include: 

1. End fixture behaviour 

2. Summary of the out-of-straightness measurements for the 
columns 

3. General load deflection behaviour and failure modes for 
both the column and flexural tests 

4. Steel and concrete strain distributions 

5. Slip distributions 

A detailed analysis of the load sharing characteristics 
of the steel section and the concrete core for non-strain 
compatible beam columns is presented in Chapter 6. Physical 
interpretations and limitations are presented for each load 
transfer mechanism. A mathematical model for the 
micro-interlocking mechanism is presented and compared to 
the appropriate test data. 

In Chapter 7 a comparison is made of the ultimate loads 
obtained from tests of the bare steel beam columns and the 
concrete filled strain compatible HSS beam columns and the 
values predicted for the corresponding columns by various 
codes or standards. The change in behaviour and ultimate 
load carrying capacity for beam columns from the strain 


compatible test series to the non-strain compatible test 


he *, 2 
| ~ a A 


A tee 


Par a 5t: ae 
0 Beier mh enacts eth 
ee diva end sity bares 


ae 77 : 


peciall - 7 - 
ae =a 


rabohsar Br 
ect 70% adnometaRest ssngtingssorne 


wt aybom ei fist ‘ond ig asieet UIP 
e0hs Leste t? tas smu toe 2 deed 

ie aa an ateite ssoranos baw tepaa! 

anoi dul 2ib 

anijetvetreradis seseaae ‘Pabl off Yo ciate Seuthaat & 
adtierta-ned 107 $165. S4aT5NOD a4 Bris notsaee ode 
feoiayd® 29 setondd rei) osan ses’ or" aptultos mies 
beol nee Tod bey naestg | gis endiuesimit bus aacite: 
aia 10) Tebow benttamadism, & avieiccede 


od faangiibs alieigern Pe neldindosd pnitooize 


_kbegt deutt edeiuae! —- 


ape na umed tix add eb Hr abietiand : oe 
‘edd bas omnes bie Jit beh mee ee 


out? we 2% ‘ pete F aes bevarss 
acot 2e¥ yey neq SIIOD ens or 
eve | 


0 


‘< 


a 


7 

a 

a 
- 


series is discussed. 


A summary, conclusions and recommendations are 


presented in Chapter 8. 


2. LITERATURE REVIEW 


2.1 General 

This literature review delineates the development of 
the understanding of the behaviour of concrete filled HSS 
beam columns from the first significant work, an 
experimental study by Kloppel and Goder (1957), to the most 
recent work in standard development and design 
recommendations by Redwood (1983). 

During this time span, a great number of tests have 
been conducted on concrete filled HSS beam columns, the 
majority on pinned-ended concentrically loaded columns with 
circular sections. In all cases the columns were loaded such 
that the load was applied to both the concrete and the steel 
ensuring strain compatibility at the ends of the columns. 
Experimentally based research is presented chronologically 
in Section 2.2 and is subdivided into three categories; 
behaviour of beam columns, the study of physical phenomenon 
associated with the behaviour of these members and the study 
of load transfer mechanisms. 

In Section 2.3 analytical methods and parametric 
studies conducted to supplement the test data for beam 
columns subject to uniaxial and biaxial bending are 
reviewed. Discussion in Section 2.4 centres around those 
papers which review and consolidate all research done 
previously to derive a set of design recommendations. 


Salient points are summarized in Section 2.5. 
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2.2 Experimentally Based Research 

Over the past thirty years a large number of 
experiments have been conducted to gain an understanding 
into the behaviour of concrete filled HSS members. These 
investigations can be categorized into three major areas of 
study. 
1. Behaviour of beam columns. 
2. Augmented strength due to triaxial effects. 


3. Load transfer mechanisms. 


2.2.1 Behaviour of Beam Columns 

The largest area of study to date has been the 
behaviour of axially loaded columns and beam columns. This 
work has been summarized and presented chronologically in 
Tables 2.1, 2.2, 2.3 and 2.4 for axially and eccentrically 
loaded circular and rectangular section columns, 
respectively. The number of columns tested as a function of 
Slenderness ratio based on the steel section alone, the 
ranges of size, ultimate load and eccentricity, and a 
summary of that work is given in the appropriate table. 

Further examination of this work reveals that the 
various experiments had a common purpose, and were similar 
in instrumentation, end connections and method of load 
application. Since the objective of each experimental 
program was to observe the gross behaviour of beam columns, 
only a limited amount of data was sought and reported. In 


most cases this data included material and geometric 


so sli ‘seis . , ete 
7 4 ; rar 
pnibeasevebau as nino ot ni bos need 3 


seanT ,2790dnen een * Serco jad oont 


ic assis 2I9fem ‘geuds ogni hestangess> od nes psc seeval 


Pak 7 to 
Jena boo mead io suctvateh » 

fe 
-stuette ARLngkad Od eu dypnansa — f 


- aiid inadoem rateney? bead . 


re | - 


om a | 

anim £43 eed io wotvadat fa8-8 

if 

ens “ead aart 225 513 OF youre 40 aot saonrel odT 7 


eid? .zninulos masd Site Sree Fos bebsal ylistxs. io aukantal 


ni yiieotpoteoords Hajusae i Sas bes! vane need 2nd, dxe 


vidantsinssos brs a ror B.S bee 6.9.8.8 s1 8 eek 7 
bad 
pina bev ind S580) ngluedsto84 bab. relseavie pebsc ot 


Yo nofpvom2 BB 8s ba2est Sriafo> 16 yatuiln aAt -iswi.ta gee 


int ) sete J 


— 
_ 


si¥ .srots noisose taste add no beend” olaet aeasn 


- ~ 


_ 


vided s2eiitqgoig¢s ana at revaG at Atow yeds jo yvenmue 
) ““s : 


oi, sede el eeves BIg) RaK9), io npttaaimaxe textd 7 
xelimte sven bas, sseeqnea. nommos s Sed cdnani ree 00 
baol i9 sedan bro enptioennon ‘One oats 82 nem at 


Pt 


~ 7 “i nile. Te 
we ph vr; + 7 dil eer ae 


s Be 4 iabignanee ont bhal “atemasty sie * egress 


? 


2 7 


properties (assumed or measured), load-midheight deflection, 
load-midheight strains (both longitudinal and transverse), 
ultimate load and failure mode. With the exception of the 
eight columns tested by Bertero et. al. (1970) and the stub 
column tests, all columns were tested as pinned-ended 
columns. The most significant feature of these tests was the 
type of end load condition imposed. The load was applied to 
both steel and concrete ensuring strain compatibility at 
both ends of the column; the only exception here being four 
stub columns tested by Gardner and Jacobson (1967) as part 
of a small series of tests investigating the effects of end 
loading conditions. 

For the most part, the ultimate load for axially loaded 
columns was compared to the buckling load as determined by a 
tangent modulus approach. For eccentrically loaded columns 
the experimental load was compared to either a numerical 
solution based on determining the deflected shape, or toa 
tangent modulus solution, coupled with an interaction 
equation and an assumed ultimate moment capacity of the 
composite section. Furlong (1967) also compared his results 
to a reinforced concrete column by treating the concrete 
filled tube as an ordinary reinforced concrete section and 
determining the ultimate load by the ACI Code method 
(ACI, 1963). 

Eight basic conclusions drawn from these works on the 
behaviour of concrete filled HSS beam columns are: 


1. For axially loaded columns, the theoretical buckling 
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load determined by a tangent modulus approach predicts 
the experimental load closely. 

The squash load of the composite section is adequately 
estimated as the sum of the squash load for the steel 
plus that of the concrete. 

The strength of circular section stub columns is 
increased due to the development of a triaxial state of 
stress in the concrete core. This phenomenon is not 
experienced in rectangular columns and for circular 
columns it diminishes as the eccentricity of the applied 
load increases. 

Concrete restrains the tube wall from local buckling. 
Mechanical prestressing of the concrete core improves 
the mechanical behaviour of the composite column and 
appreciably increases the ultimate load carrying 
Capacity. 

The behaviour and load carrying capacity of a 
pinned-ended beam column can be accurately predicted 
using an iterative inelastic stability analysis based on 
load-moment-curvature relationships as derived from 
accurate stress-strain relationships for the materials 
and assuming perfect bond between the steel and 
concrete. 

Estimates of the ultimate moment capacity for the 
composite section based on the plastic moment capacity 
of the steel section alone are usually low. 


Prediction of the ultimate load of columns subject to 
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uniaxial bending by an interaction curve with an 
elliptical shape provides a reasonable lower bound 
solution. A straight line interaction curve, without an 
amplification factor, does not provide an accurate 
prediction of ultimate load. 

It should be noted that the great majority of the 
¢olumns tested have been circular in cross section and/or 
axlally loaded. Relatively few tests have been conducted on 
columns or beam columns with Kl/r>90 and no tests have been 
done to establish the ultimate moment resistance of these 


composite sections. 


2.2.2 Triaxial Effects 

Experimental studies of physical phenomena associated 
with the behaviour of these members have been limited to 
examining the increased strength for concrete filled HSS 
columns due to the development of a triaxial state of stress 
in the concrete core. 

Although an increase in the strength of composite 
columns due to triaxial effects was first recognized by 
Gardner and Jacobson (1967), the first major study of the 
phenomenon was done by Sen (1969) on circular hollow section 
columns. This information was confirmed by an extensive 
experimental study by Tomii, et al. (1977) on concrete 
filled steel tubular stub columns under concentric load. 
About 270 stub column tests were conducted on circular, 


octagonal and square sections. Tomii, et al. (1977) have 
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shown that there is no increase in strength due to triaxial 


effects for square hollow section stub columns. 


2.2.3 Load Transfer Mechanisms 

The study of load transfer mechanisms has not been 
fully explored. Three different groups of researchers have 
investigated various facets of the method in which load is 
transferred from a beam through a connection, and into the 
steel shell and concrete core. 

As part of a series of tests Gardner and Jacobson 
(1967) tested nine stub columns to investigate the effects 
of varied end loading conditions. These included columns 
filled with concrete and columns filled with coarse 
aggregate. Columns in which both the steel and the concrete 
were loaded, and other columns in which only the concrete 
core or a compacted aggregate core was loaded, failed at 
approximately the same load and had a pronounced barrel 
shape. The composite stub column in which only the steel was 
loaded had little gain in strength over a corresponding 
empty tube and the ultimate load was approximately 40 
percent of that of the other columns. Both the empty tube 
and the composite tube in which only the steel was loaded 
failed by local buckling. 

Only one paper has been presented on beam column 
assemblage and connection behaviour. Ansourian (1976) 
investigated the behaviour of various continuous frame 


connections between I-beams of normal and wide flange 
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section and concrete filled rectangular HSS columns, as well 

as the behaviour of the beam columns subject to a range of 

constant axial load and increasing moment produced by a beam 
framing into the column about one axis. From the nine 
assemblages tested it was concluded that the concrete worked 
in conjunction with the steel tube to resist the axial load, 
bending moment, shear force and local action at the 
connection, enhancing their overall behaviour even though no 
attempt was made to load the concrete directly. 

Virdi and Dowling (1980) conducted a series of pushout 
tests on concrete filled circular seamless mild steel tubes 
to examine the method of load transfer along the interface 
between the concrete core and the steel tube. It should be 
noted that in such a test, the effects of Poisson's Ratio 
will cause the concrete core to expand against the steel 
tube at the loaded end. Virdi and Dowling (1980) defined the 
ultimate bond strength on the basis of a critical bond 
Strain which is related to the ultimate crushing strain of 
concrete. From this series of tests, the following 
conclusions were reported: 

1. The bond strength is not affected by factors such as 
contact length, tube size to thickness ratio and 
concrete strength. 

2. Surface roughness causes a micro-interlocking between 
the materials and is reflected as the initially stiff 
region of the load deformation curve, where the 


deformation is the relative movement of the concrete 
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core with respect to the steel shell. 

3. Macro-interlocking of the concrete with the undulating 
surface of the steel contributes to the frictional 
resistance and is related to the flat part of the load 
deflection curve. 

4. Bond is broken when the concrete interface attains a 
local strain greater than that associated with the 
compressive crushing of the concrete, a value of 0.0035. 

5. A characteristic ultimate bond strength is approximately 
1 MPa. 

Aside from series of tests conducted by Ansourian 

(1976) no attempt has been made to determine the method and 

rate of load transfer for typical beam to column 


connections. 


2.3 Analytical Methods and Parametric Studies 

It is evident from the information given in Tables 2.1 
to 2.4 that an insufficient number of tests have been 
conducted to describe adequately the behaviour and ultimate 
load carrying capacity for all possible types of concrete 
filled HSS beam columns subjected to uniaxial and biaxial 
bending. It is necessary then, to supplement that 
information through parametric studies via calibrated 
analytical methods. In all cases, the behaviour and load 
Carrying capacity of the beam column, has been predicted by 
an iterative inelastic stability analysis based on numerical 


integration of load-moment-curvature relationships derived 
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from assumed or known stress-strain relationships of the 
materials and on the assumption of full composite action. 
These studies have led to the development of semi-empirical 
design recommendations. 

An analytical method based on inelastic column theory 
was developed by Basu (1967) for eccentrically loaded 
rectangular composite section columns subjected to uniaxial 
bending. Using assumed stress-strain relationships, 
excluding the effects of residual stresses in the steel 
section, incorporating initial out-of-straightness and 
assuming that the deflected shape was part of a cosine 
curve, Basu found good agreement between the failure loads 
predicted by this method and forty corresponding test 
values. Comparisons were also made with exact solutions for 
the two limiting sections, steel I-sections and unreinforced 
rectangular concrete sections. The error in either case was 
small. Good agreement was also found by Neogi, Sen and 
Chapman (1969) when they compared all known test results to 
a Similar numerical analysis for circular section columns. 

Further development of this method by Basu and Hill 
(1968) led to a more "exact" solution in which the failure 
load for columns subjected to equal and unequal end 
eccentricities could be determined and was based on a 
derived deflected shape rather than an assumed profile. The 
accuracy of this solution was established by comparison with 
"exact" solutions for steel I-sections with end eccentricity 


ratios of 1 and 0 presented by Galambos and Ketter (1957). 
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The effects of initial out-of-straightness and applicability 
of a straight-line interaction equation for uniaxial bending 
were examined. 

Subsequently Basu and Sommerville (1969) used this 
modified method to develop semi-empirical design 
recommendations. A large number of parameters and their 
effect on the load carrying capacity of columns subject to 
uniaxial bending were investigated. 

Virdi and Dowling (1973) developed an analytical method 
for computing the failure load for biaxially loaded, 
pinned-ended columns in symmetrical single curvature 
bending, by determining the load-deflection response of such 
columns from biaxial moment-thrust-curvature relationships 
and selecting the failure load as the peak of that curve. 
The solution, although applicable to concrete filled HSS 
columns, has only been tested against concrete encased 
H-section columns. The agreement between test and predicted 
values was found to be satisfactory. The effects of residual 
Stress and initial out-of-straightness were examined. 
Bresler's empirical formula was shown to be conservative in 
obtaining biaxial failure loads from uniaxial loads. Bridge 
(1976) compared the behaviour and the ultimate load carrying 
Capacity of eight tests on concrete filled rectangular HSS 
columns with a similar analysis and found good agreement. 

A general method for the calculation of the ultimate 
load of biaxially restrained columns has been developed by 


Virdi and Dowling (1976). The solution is based on the 
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Newton-Raphson iterative procedure for solving a system of 
non-linear equations. Comparisons of calculated ultimate 
loads were made with corresponding experimentally obtained 
values from tests on concrete encased H-section columns and 


the correlation was found to be good. 


2.4 Development of Design Recommendations 

The development of design recommendations generally 
involves a process by which all previous experimental and 
analytical work on a particular structural element is 
Synthesized into a simple, logical sequence of concepts 
and/or equations which reflect the behaviour of these 
elements. The design recommendations are then calibrated 
against known test results as a measure of their 
applicability, reliability and accuracy. Fourteen papers or 
reports related to the development of design recommendations 
for concrete filled HSS beam columns are listed 
chronologically in Table 2.5. 

From these, four sets of design recommendations have 
evolved and are currently used or under consideration for 
use in various codes or standards. They are as follows: 

1. CAN3-S16.1-M84, Redwood (1983) 

2. CAN3-S16.1-M84, Redwood (1983) (Alternate Proposal, not 
adopted) 

3. Structural Stability Research Council (SSRC) - Task 
Group 20 (1979) 


4, Buropean Convention for Constructional Steelwork (ECCS), 
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Recommendations on Composite Structures, Technical 

General Secretariat of the ECCS (1981) 
For each of these, the pertinent sections relating to 
concrete filled rectangular HSS beam columns are presented 
in detail in Chapter 7. In all cases provisions were made 
for strength and stability calculations, as well as 
application and fabrication requirements. It is important to 
note that as a direct result of the loading conditions 
imposed on all beam columns tested, provisions exist in each 
Standard or Code which require that the load be applied 
appropriately to both steel and concrete at the point in 


which it is introduced into that member. 


2.5 Summary 

In total, 526 tests have been conducted on concrete 
filled HSS beam columns, 309 tests on stub columns of 
various sections, 207 and 43 tests of circular and 
rectangular concrete filled HSS columns, respectively. In 
the majority of cases, the beam columns were tested as 
pinned ended members with the load being applied to the 
Specimen such that both the steel and concrete were loaded, 
ensuring strain compatibility at the ends. The phenomenon of 
augmented strength due to the development of triaxial 
stresses in the concrete core has been adequately examined 
by Sen (1969) and Tomii, et al. (1977). A limited number of 
tests have been conducted by Ansourian (1976) on beam column 


assemblage and connection behaviour, and by Virdi and 
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Dowling (1980) on the bond strength between the two 
materials for this type of section. No tests have been done 
to establish the ultimate moment capacity of these sections. 

The consensus amongst researchers is that the tangent 
modulus approach closely predicts the buckling load for 
axially loaded columns. The behaviour and load carrying 
Capacity for columns subject to uniaxial and biaxial loads 
has been successfully predicted by Basu (1967), Basu and 
Hill (1968), Virdi and Dowling (1973, 1976), and Bridge 
(1967), using an iterative inelastic stability analysis 
based on load-moment-curvature relationships, stress-strain 
characteristics of both materials, and the assumption of 
full composite action. 

Thirty years of experimental and analytical work on 
concrete filled HSS beam columns has been synthesized into 
three unique sets of design recommendations, one for Canada 
(CSA CAN3-S16.1-M84), one for the United States of America 
(AISC, LFRD) and one for Europe (ECCS Recommendations on 


Composite Structures). 
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3. EXPERIMENTAL PROGRAM 


3.1 General 
The experimental program was designed to examine: 

1. The change in behaviour and ultimate load carrying 
Capacity of concrete filled HSS beam columns when strain 
compatibility is not ensured at the point on the beam 
column where the load is introduced. 

2. The method and rate of load transfer between the steel 
Shell and the concrete core for non-strain compatible 
cases. 

Nineteen pinned-ended columns with slenderness ratios of 20, 

60, and 118, based on the radius of gyration of the steel 

alone, were tested to establish the ultimate load capacity, 

the load-deflection behaviour, and the load sharing 
characteristics of the steel and concrete along the length 
of the column. Bare steel tubes and concrete filled tubes 
with and without strain compatibility at the upper end were 

loaded concentrically and at an eccentricity of 65 mm 

(0.43b). In addition, six simply supported beams with a two 

point load system with equal shear spans producing a 

constant moment region, were tested to establish the general 

behaviour and ultimate moment capacity of empty HSS members 
and concrete filled members with and without strain 
compatibility. 

Ancillary tests included four stub column tests, two on 


bare steel tubes and two on concrete filled strain 
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compatible tubes, residual stress measurements, tension 


coupons and concrete cylinder tests. 


3.2 Selection of Test Section 

A geometric programming technique was used to determine 
the optimum test section size from the following objective 
and constraint functions. 


1. Objective - Class 2 behaviour 


(35a) 


where, bore =b- 4t 
2. Objective - long column or Euler column behaviour 
< 120 (age) 


3. Constraint - maximum test specimen height in which the 


MTS testing machine can accommodate 


L< 7400 mom (S55) 


4. Constraint - squash load of the composite section must 
be less than the working load capacity of the knife edge 
assemblages 
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5. Constraint - the inner dimension of the HSS member must 
be large enough so that the concrete for a long specimen 


can be placed. This led to: 


b- 2t > 100 m (3.5) 


Based on size as determined by this technique, the 
steel section was selected as a grade 350W 152.4 x 152.4 x 
4.78 HSS and the concrete specified as a type 10 with a 28 
day strength of 30 MPa, a maximum aggregate size of 12 mm 


and a slump of 100 mm. 


3.3 Column Tests 


3.3.1 General 

Three types of rectangular HSS beam columns with 
Slenderness ratios of 20, 60 and 118 as determined from the 
steel section alone, and which reflect short, intermediate 
and long column behaviour respectively, were tested under a 
concentric load and a constant eccentric load of 65 mm. 

The bare steel column test Series was used as a control 
series and as a means of calibrating end fixture performance 
and steel load prediction models as discussed in Section 5.1 
and 6.3.1 respectively. 

The strain compatible and non-strain compatible test 
series were conducted to get a direct comparison of 


load-deflection behaviour, ultimate load capacity and 
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failure modes for corresponding columns when strain 
compatibility at the point on the column where the load is 
introduced was not ensured. The upper end connections used 
to achieve strain compatibility and non-strain compatibility 
are shown in Figure 3.1. The test set up and knife edge 
assemblies are shown in Figure 3.2 and 3.3. The connection 
storys shown in Figure 3.1 were intended to represent the 
beam to column connection through which the loads are 
transferred. For both types the load was applied to the 
column through a knife edge plate which bore against the 
load bearing surface as shown in Figure 3.1. Grout was used 
in the strain compatible case to ensure that the knife edge 
plate made constant contact with and loaded both materials 
Simultaneously. In the non-strain compatible specimens the 
connection plates extended 6.4 mm above the end of the tube 
so that the loads would be applied only to these plates, 
Simulating the case where no attempt is made to load the 
concretetcone. 

The column specimen identification numbers refer to the 
slenderness ratio, loading and type of column. Odd and even 
numbered specimens were tested concentrically and 
eccentrically, respectively. The last digit of the specimen 
identification number designates the type of column, steel 
(1,2), composite strain compatible (3,4), and composite 
non-strain compatible (5,6). Specimen C205 is a 
concentrically loaded non-strain compatible composite column 


with a slenderness ratio of 20. 
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3.3.2 Preparation of Test Specimens 

Special attention was given at this stage of the 
experimental program in the preparation of the column ends 
of all specimens. To ensure proper loading of the column 
ends and to reduce alignment difficulties of the columns at 
set-up, the end surfaces of the column were milled at right 
angles to the length of the column, before and after the 
base plate and connection plates were welded to the tube. 
These milled surfaces bore against the associated milled 
surfaces of the knife edge plates providing uniform bearing 
and transfer of load. 

Concrete strains and slip between the concrete core and 
the steel shell were measured at six sections along the 
length of the member, uSing a removeable mechanical 
extensometer (Demec gauge). The gauge points were mounted on 
both ends of 6 mm diameter steel rods 150 - 175 mm long, 
which were embedded in the concrete core and passed directly 
through 12 mm diameter holes made on opposite sides of the 
steel section. At each of the six sections, four gauge 
points were located such that the Demec gauge readings from 
two pairs of points would give an adequate description of 
the strain distribution in the concrete core about the axis 
of bending, and that the holes made in the steel shell to 
accommodate the steel rod would mean the removal of a 
minimum amount of stressed material. During construction 
rubber hose inserts were used to: 


1. Center and secure the steel rods in the respective holes 
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2. Prevent concrete from plugging the space between the 
rods and the steel shell, allowing for unrestricted 
movement of the rod when slip occurred. 

One batch of ready mix concrete was used for all test 
specimens. The concrete was placed through one end of the 
vertical standing tubes via a hopper and vibrated with 
pencil vibrators. An external vibrator was used in addition 
to the pencil vibrators for the 4 - 7 m long columns. The 
exposed concrete at one end of each tube was wrapped in 
polyethylene while the concrete cured. The polyethylene was 
removed just prior to testing. The concrete was 27 to 69 


days old when the specimens were tested. 


3.3.3 Test Set-Up 

The test set-up consisted of the MTS testing machine, 
two knife edge end fixtures, the electronic instrumentation 
which includes strain gauges and LVDT'S, an automatic data 
acquisition system, and the test specimen. Figure 3.2 is a 
schematic diagram of a column in the test apparatus. For 
clarity the instrumentation has not been included in this 


figure. 


3.3.3.1 Load and Reaction Devices 

The load was applied to column test specimens, by the 
MTS testing machine, through a pair of reaction devices 
called knife edge assemblages. One of these devices was 
bolted to the compression head of the MTS testing machine 


and the other to the lower platten as shown in Figure 3.2. 
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The original design, May (1978), was modified to 
provide rotational freedom about one axis only, and to 
provide the capability of adjusting the column-knife edge 
assemblage location so that, both concentric and constant 
eccentric loads could be applied to columns without major 
modifications to the test set-up. Each knife edge assemblage 
consists of a diamond shaped ase knife and two steel 
plates as shown in Figure 3.3. The knives were case hardened 
and the plates left soft to allow each groove to deform 
plastically and take up the shape of the knife where 
necessary. 

As indicated in Figure 3.2, the column length is 
defined as the distance between the knife edges or points of 


rotation. 


3.3.3.2 Instrumentation and Measurement 

Loads, steel and concrete strains, end fixture 
rotations, column displacements and relative movement slip 
between the steel shell and the concrete core were measured 
throughout the duration of each test. The locations of the 
measurements made on the column are shown schematically in 
Figure 3.4. Table 3.1 provides the type of measurement, 
instrumentation used, location, purpose and the frequency of 


which the measurements were made. 


3.3.3.3 Test Procedure 
Prior to this series of tests, the knife edge devices 


were set in the MTS system, aligned with one another, and 


ole ibom 2 


16 a 
acct ae 
spe ad rniaanicces. = pd saut the , 

sanos 616 sgesomnaie a ; 

“teu a suoniivw enmu Lone bet Ig e 
apy, dmeass anbs ais dons i sab abate arly rt sant’ a . sito . 
taeda owd bie Balad wens. eae ude 4 to eaaiano>. 


bensbigd saso siev 2ev boa att 505A) sup ne node an wes alt 


aiefeh of svo01p dose wotle or da sof wetelg ods of o 
ai7 to oqed? ‘6 ats fe ote? his yilenize atc 7 


. ¥3s8ei 1 apo nm 


sienw Stites 


Syyplt ni basysotbat Bh. 


ai fa nm LoD mgs ne 
to gantod 16 eepte siica. ans msewted sonsetatB eft 28 beakieb 
s 7 ? -noitade 
- - 


aot altel ‘fos soitertemrtseal S.f.8.8 

gi0g4i2 Bas ventsz2 o#éisn02 bas teaae ebsol a 

Gite sdiesovom oviteias bas atnanissalqeib amu Loo eno kde a 
AG. 


herupsem Sua" &ToD DBAS ISOS * ent ons Tyeta 29938 sits 


i to @enes se an: steer ee 1 rovoaniae oi 


se 
mt yifsorsa 

, sn9mesue SUNT BO! - $3 neva 
na Ro cog no: ome 


ai ee iy 


to Yonvuper? ath b 


- 


a) 


fixed in place. 

The ends of each column were placed into the center of 
the steel housing provided, aligned, and secured in place by 
the adjustment of eight machine bolts as shown in Figures 
Shhlt and 82.3%. 

Out-of-straightness measurements were made using an 
instrument consisting of a series of mechanical dial gauges 
firmly attached to an aluminum angle. One such instrument 
was constructed for each length of column to be tested. Each 
instrument had a dial gauge at each end for reference 
measurements, and a sufficient number of intermediate gauges 
to describe the initial curvature. The instrument was 
fastened to the steel housings with clamps and two sets of 
readings were taken on each face of the column. These 
readings subsequently were compared to a set of calibrated 
readings to obtain the out-of-straightness of the column. 
These readings were analyzed, as described in Section 5.2, 
to give the out-of-straightness of the column about both 
major axes. 

The alignment of the column was further refined on the 
basis of strain gauge readings taken on four faces of the 
tube at each end of the specimen while under a predetermined 
load, Estuar and Tall (1967). The alignment was considered 
satisfactory when the deviation of any four strain gauge 
readings was less than 5 per cent of the average value at 
the alignment load. This criterion was applied to both 


gauged sections. 
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For each test, an initial load of about 1/10th of the 
calculated ultimate load was applied to the column. Further 
load was applied to the column in appropriate increments as 
determined by the load deflection curve. All loads were 
applied to the column test specimen under stroke control. 
Tests were concluded at a point well beyond that defined as 
failure of the column. Measurements were made and recorded 
as described in the previous section. A photographic and 


written record was kept. 


3.4 Flexural Tests 


3.4.1 General 

The purpose of this test series was to determine the 
ultimate moment capacity and load deformation response of 
empty HSS and concrete filled HSS. Tests were conducted on: 

1. Two - 2000 mm long bare steel tubes. 

2. One - 2000 mm long concrete filled HSS where strain 
compatibility was ensured at both ends of the beam. 

3. Two - 2000 mm long non-strain compatible concrete filled 
HSS. The effect of adhesion, as a load transfer 
mechanism, on the ultimate strength of the beam test 
specimen was examined by coating the interior of one 
tube with form oil prior to the placing of the concrete. 

4. One - 4000 mm long non-strain compatible concrete filled 
HSS was tested to observe the effect of a longer shear 


Span on the method and rate of load transfer. 
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A total of six simply supported beams were tested under a 
two point load system which produced a constant moment 
region of 1 metre in length. The specimen identification 


numbers are given in Table 5.4. 


3.4.2 Preparation of Test Specimens 

At the load and reaction points on the beam Soeenienes 
12 x 50 x 150 mm plates were welded to the loaded surface of 
the tube to prevent local buckling and to aid in the 
distribution of the stresses at these points. Additional 
plates were tack welded to the ends of the tubes to retain 
the concrete. These plates were removed from the non-strain 
compatible specimens prior to testing. The concrete in the 
beam test specimens was from the same batch as that in the 
column test specimens, and was placed and cured in the same 
way. The concrete was 64 to 69 days old when the beam test 


Specimens were tested. 


3.4.3 Test Set up 

The test set up consisted of the MTS testing machine, 
rollers which provided translational and rotational degrees 
of freedom, distributing beams, electronic instrumentation, 
an automatic data acquisition system, and the test specimen. 
Figure 3.5 is a schematic diagram of a beam in the test 
apparatus. 

As in the column tests, measurements were made to 


provide the information necessary to determine the load 
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sharing characteristics and the method and rate of load 
transfer. Figure 3.6 gives schematic diagrams showing the 
locations of these meaSurements. Steel strain, concrete 
strain, and slip measurements were taken in the middle of 
the constant moment region, in the middle of the shear 
spans, and at the ends of the beam. End rotations, 
translations, and deflections at center line and under the 


point loads were measured with LVDT'S. 


3.4.4 Test Procedure 

Each beam was aligned and centered under the 
compression head of the MTS testing machine. For each test, 
an initial load of about 1/10th of the calculated ultimate 
load was applied to the beam. Further load was applied to 
the beam in appropriate increments as determined by the 
moment curvature curve. All loads were applied to the beam 
test specimen under stroke control. Measurements were made 
and recorded as previously described. A photographic and 


written record was kept. 


3.5 Ancillary Tests 

Due to the complexity of determining the load sharing 
characteristics between the steel shell and the concrete 
core, and the method and rate of load transfer a rigorous 
examination of material properties was required. This 
involved stub column tests, tension coupons, residual stress 


mesurements, and concrete strength tests. 
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3.5.1 Stub Columns 

Two bare steel and two strain compatible concrete 
filled stub columns were each tested in compression to 
obtain an average load-strain relationship for their 
complete cross-sections. 

The length of the steel stub columns was determined 
according to guidelines of SSRC (1976) to be 585 mm. The 
composite stub columns were made the same length. At 
midheight, eight strain gauges were placed equidistant from 
one another around the tube, four on the flats and four on 
the corners. Centred about midheight, Demec points were 
mounted in the centre of the four flats, to obtain a 
mechanical measurement of the average strain. These values 
were used to calibrate the electronic strain gauge system. 

The test specimens were prepared, aligned, and tested 
as specified by SSRC (1976). Grout was used on both ends of 
the composite stub columns to provide a smooth surface for 
uniform bearing of the steel tube and concrete core against 
the loading and reaction plates, enforcing strain 


compatibility at both ends. 


3.5.2 Tension Coupons 

Tension coupons were used to determine the 
stress-strain characteristics of the steel from three 
distinct regions around the tube. Sixteen specimens were 
sawn from one section of tubes In total, 2 sets of 16 


coupons were tested, 8 from the corners, 2 including welds, 
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and 22 cut from the flat sides. The coupon numbers and 
locations are given in Figure 3.7. The flat and weld type 
coupons were made according to ASTM A370-77, Part i. The 
corner coupons were cut and milled such that the specimen 
had a constant cross-sectional area along its length. A lead 
packing around the ends of the corner coupons prevented the 
tension grips of the testing machine from gouging the 
specimen, and causing a premature failure of the specimen. 

A pair of strain gauges was mounted on opposite faces 
of each coupon and were wired in Poanicrnen with two dummy 
gauges and a Budd Strain Indicator to form a full bridge 
system. This arrangement allowed the average strain to be 
measured, with double the sensitivity, up to values of two 
percent strain. Calipers and a scale were used to measure 
large strains and percent elongation. Rectangular rosette 
gauges were mounted on three flat coupons, numbers 7, 11 and 
15 to determine Poisson's Ratio experimentally. 

Prior to testing, the cross-sectional areas were 
determined from measurements of the necked down area for 
flat and weld coupons and by a volumetric method for corner 
coupons. The coupons were tested in the Baldwin testing 
machine, according to ASTM 370-77, Part (1). Load and 


corresponding strain meaSurements were taken. 


3.5.3 Residual Stress Measurements 
Residual strain measurements were made on forty-four 


sections cut from one section of the tube, Figure 3.7, to 
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determine the distribution and magnitude of the longitudinal 
and through thickness residual stresses around the tube. 
These values, in conjunction with the stress-strain data, 
were used to predict the load carried by the steel section, 
given the strain distribution across the section. 
Longitudinal residual stresses were determined by the 
method of sectioning as described by Tebedge, Alpsten, and 
Tall (1971). The through thickness variation of longitudinal 
residual stresses was determined from the curvature of the 


deformed shape of the longitudinal sections. 


3.5.4 Concrete Strength 

One batch of concrete was used for all the test 
specimens. Compressive and tensile strength tests were 
conducted to determine the parameters necessary to define 
the stress-strain curve as a function of time. The concrete 
was 27 to 69 days old when the columns and beams were 


tested. 


3.5.4.1 Cylinder Tests 

Twenty-three cylinders were tested in accordance with 
CSA A23.2, to determine the modulus of elasticity, and the 
maximum compressive strength. The cylinders were cast in 
steel molds and covered with polyethylene and cured in the 
lab along with the columns and beams. The curing process and 
steel molds were used to simulate the conditions of the 
concrete within the tubes. Tests were carried out at ages 


Troms eto, 63a days. 
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3.5.4.2 Split Cylinder Tensile Tests 
Two cylinders were tested in accordance with CSA 
A23.2-13C, to determine the splitting tensile strength. The 


concrete was 56 and 63 days old when tested. 


3.5.4.3 Modulus of Rupture 

thnree 1505x5150 0x0915 mm prisms)were tested; 1n 
accordance with CSA A23.2-8C to determine the modulus of 
rupture. The prisms were moist cured. The concrete was 35, 


42, and 49 days old when tested. 
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4. MATERIAL PROPERTIES AND BEHAVIOUR 


4.1 Steel 

The section selected for this study, a grade 350 W 
152.4 x 152.4 x 4.78 HSS was manufactured by Standard Tube 
Canada Limited. All test specimens were cut from eight 40 
foot pieces which were all from one heat, number 32714. The 
chemical composition of this heat was: 0.18% C, 0.82% Mn, 
0.009% P, and 0.016% S. These values lie within the limits 


for grade 350 W HSS as specified by CAN3 - G40.21 - M81. 


4.1.1 Geometric Properties 

The dimensions for this section were found to lie 
within the allowable fabrication tolerances as described in 
the CISC Handbook of Steel Construction, 1980. Measured 
values of wall thickness, section depth and width were used 


to calculate section properties. 


4.1.1.1 Dimensions 

The wall thickness was determined from 344 measurements 
to have a mean value of 4.43 mm with a coefficient of 
variation of 0.0099. The actual wall thickness was equal to 
0.927 times the specified wall thickness of 4.78 mm. 
Measurements of the outside dimensions b and d show that 
these dimensions lie within the + 1.5 mm specified 
tolerance. The value of 152.4 mm will be used for b and d in 
subsequent analysis. Based on the measured dimensions, the 


section was a Class 3 section although the nominal 
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properties would classify it as a Class 2 section, as 


defined in Clauses 11.2 and 11.3.2(b) from $16.1-77M. 


4.1.1.2 Section Properties 

Based on measured values of mass and length, and given 
that rolled steel has a density of 7850 kg/mm’, the 
cross-sectional area was calculated by the volumetric method 
to be 2570 mm?. Given the dimensions as determined, anda 
Simple geometric relationship, the cross-sectional area was 
calculated to be 2571 mm?. Agreement of these two values 
gives confidence to the dimensions as measured and the value 
of 2570 mm? was selected for the cross-sectional area. The 
moment of inertia, elastic section modulus and plastic 
section modulus were determined geometrically to be 9.29 x 


10* mm*, 121.6 x 10° mm? and 142.2 x 10° mm’, respectively. 


4.1.2 Load Deformation Relationships 

The establishment of load deformation relationships was 
essential for the transformation of strain gauge data to 
values of stress and load. These values of predicted steel 
load have been used in subsequent analyses for statical 
checks, load prediction verification, determination of 
concrete load distributions, and for the identification of 
load transfer mechanisms. An accurate assessment of the 


characteristic properties of the material was required. 
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4.1.2.1 Modulus of Elasticity 

Section 2.1 of ASTM E111-61 ‘Standard Test Method for 
Young's Modulus at Room Temperature', states the definition 
of Young's Modulus as, "the ratio of normal stress to 
corresponding strain for tensile or compresSive stresses 
below the proportional limit of the material". The 
description from 7.3 of the section entitled, 
‘Interpretation of Data', suggests that errors that may be 
introduced in fitting graphically a straight line can be 
reduced by determining Young's Modulus as the slope of the 
Straight line fitted to the appropriate data by the method 
of least squares. 

For a set of data that exhibits linear and non-linear 
behaviour and is coupled with random variations, the problem 
1s not the application of the method of least squares to the 
data set to determine the best fit straight line, but, the 
determination of the appropriate data to apply it to. 

When using the method of least squares to determine the 
best fit curve, the correlation coefficient r is used as the 
criterion to determine closeness of fit, with a value of r 
equal to one indicating a perfect correlation between the 
data set and the best fit curve. By conducting a continuous 
least squares analysis to a set of stress strain data, the 
slope of the best fit straight line curve with a correlation 
coefficient closest to one may be deemed as the best 
selection for the modulus of elasticity, E, where, a 


continuous least squares analysis is the application of the 
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method of least squares to determine the best fit curve to 
the first two points of the data set and then to the first 
3, 4, 5, ...etc.. Bach subsequent calculation includes the 
influence of an additional point on the best fit straight 
line curve, the slope and the correlation coefficient. As 
the set of data being evaluated becomes larger the influence 
of each additional point becomes less and by the correlation 
coefficient criterion alone the point in which the data set 
begins to exhibit nonlinear behaviour becomes unclear. 
However, this point is easily detectable by examining the 
trend of the data by evaluating the tangent modulus from 
point to point with .a moving average technique. The upper 
limit of the appropriate data set can now be defined. 

The possibility of small offsets of zero load and 
random variations in establishing the load path during the 
first small increments of load, suggest that a lower limit 
exists to the appropriate data set and that a number of 
points in this region should not be used in the calculation 
of the modulus of elasticity. The standard recognizes this 
and specifies that the best fit curve should not be 
constrained to pass through the zero point. It was found 
that the inclusion of the points in this region, with the 
exception of the zero point, did not affect the value of E 
selected as long as a sufficient number of points were used 
in the analysis. 

The evaluation of the modulus of elasticity for tension 


coupon 6 has been included to illustrate the problems and 
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procedures as outlined. An example set of data and 

calculations is given in Table 4.1. Figure 4.1 is a 

graphical representation of the decision making model for 

the determination of the modulus of elasticity. Three sets 
of moduli are plotted in this figure, with moduli on the 
vertical axis and applied stress on the horizontal axis. The 
square and triangular symbols represent the elastic moduli 
values as determined from a continuous least squares 
analysis for the entire data set, and the entire set of data 
excluding the first three points, respectively. BFC, and 

BFC2 are the respective elastic modulus values as selected 

by the correlation coefficient criterion. It can be clearly 

seen here and from the trend of tangent moduli values in 

Table 4.1, that the material was exhibiting non-linear 

behaviour prior to the points as determined by the 

correlation criterion. The proportional limit or upper limit 
for the appropriate data set was selected as 187.0 MPa and 
the corresponding modulus of elasticity, E, was 209.6 x 10° 

MPa. In summary, the modulus of elasticity for all steel 

test specimens were calculated by the following procedure: 

1. Evaluate the tangent modulus between sets of data 
points. 

2. Apply the moving average technique over 4 to 6 points to 
establish the trend of the data and select the 
proportional limit. 

3. Apply the method of least squares to the bounded set of 


data. The slope of the best fit straight line curve is 
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the modulus of elasticity for that test specimen. 

The distribution of modulus of elasticity values for 
two sample sets of tension coupons taken around the tube are 
shown graphically in Figure 4.2 as solid and dashed lines 
which represent a ratio of coupon to stub column E values. 
The tube shape outline indicates a ratio of E values equal 
to one. Solid or dashed lines outside this tube outline have 
a ratio of E values greater than one and the converse is 
true for lines inside the tube outline. A single solid line 
indicates that both samples at that point on the tube have 
the same value of the modulus of elasticity value. The 
actual values for the tension coupons are given in Table 
4.6. 

The mean modulus of elasticity values, standard 
deviations and coefficients of variation for corner, weld 
and flat coupons and for the steel stub columns have been 
established by a single variable statistical analysis and 
are given in Table 4.2. Bessel's correction has been applied 
to populations less than 30 and in all cases Chauvenet's 
Criterion was used for the rejection of outliers. The mean 
values obtained here were used in conjunction with other 
pertinent stress strain parameters to develop mathematical 
expressions which describe load deformation behaviour for 
each section type. 

Examination of tension coupon results indicate that 
there are two distinct groups of modulus of elasticity 
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value close to 210.1 x 10* MPa for the flats and welds. The 
differences in behaviour and in particular the modulus of 
elasticity values is a result of the plastic deformation 
that takes place in the corners of the tube during the 
shaping process when the tubes are made. This deformation is 
a result of the metal crystals deforming by slip on a glide 
system. Cottrel (1967) states that an important effect of 
the slip process is lattice rotation of which one effect is 
the development of preferred orientation. The higher values 
of the modulus of elasticity are due to this reorientation 
of the crystals. The metal crystals in the corner regions of 
the tubes are no longer randomly orientated and therefore 


are considered anisotropic. 


4.1.2.2 Poisson's Ratio 

Poisson's ratio was determined experimentally and is 
given as the mean of three values, a value of 0.28, with a 
coefficient of variation of 0.0043. The test procedure and 
evaluation of the data was done in accordance with ASTM 
E132-61, ‘Standard Test Method for Poisson's Ratio at Room 


Temperature’. 


4.1.2.3 Yield Strength 

As defined bt ASTM Standard A370-77, the yield strength 
is the "Stress, corresponding to the load which produces in 
a material, under specific conditions of the test, a 
specified limiting plastic strain". A strain offset of 0.002 


‘is suggested as the yield criterion when gradual yielding 
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(no definite yield plateau), a phenomena characteristic of 
heavily cold worked materials, occurs. 

Based on this criterion the static yield stress values 
for the stub columns and the tension coupons were 
determined. The distributions of static yield stress values 
of the tension coupons are shown graphically in Figure 4.3 
as the ratio of coupon to stub column static yield stress 
values. The interpretation of this figure is similar to that 
for the modulus of elasticity in Figure 4.2. The static 
yield stress values for the tension coupons are given in 
Table 4.6. 

The mean static yield strength values, standard 
deviations and coefficients of variation for corner, weld 
and flat coupons and for the steel stub columns have been 
established by a single variable statistical analysis and 
are given in Table 4.3. Bessel's correction and Chauvenet's 
Criterion were applied as before. The mean values obtained 
here were used in the development of mathematical 
expressions which describe the load deformation behaviour 
for each section type. 

The results indicate that there are three distinct 
groups of static yield values. The variation between the 
flats and the corners is attributed to cold working of the 
corner material during the tube forming process. The 
distinct static yield stress for the weld section is 
attributed to the inclusion in this section of weld metal 


which has different mechanical properties. 
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4.1.2.4 Stub Column Load Deformation Curves 
The average stress strain curve for a steel stub column 
given in Figure 4.4 can be described by a series of 


mathematical expressions of the form: 


Ny 1/3 


=Ae+Be + Ce 1/4 1/5 (oe 


oO 
stub 


The strain ranges and corresponding coefficients are given 
in Table 4.4. The strain values are the average of the eight 
Gauges shown on the stub column in Figure 4.4. Stress strain 
curve information, including Young's modulus of elasticity, 
proportional limit stress, yield strength, yield stress 
level, elastic range, and elastic-plastic range are clearly 
marked on Figure 4.4. Because the steel stub column behaved 
as a Class 3 section the plastic range, onset of strain 
hardening, strain hardening range, and the strain hardening 
modulus could not be defined. 

The average load strain curve for a steel stub column 
given in Figure 4.10, was modeled from the experimentally 
obtained curve and can be described by a series of 


mathematical expressions of the form: 
P =Ace+Be + Ce + De + Ee ees) 
The strain ranges and corresponding coefficients are 


Givenminetaple 4.0. -1his) load sderormatson Curve, «as 


described by this series of mathematical expressions, is 
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used in conjunction with steel strain measurements in 
subsequent analyses to predict the load carried by the steel 
at specified locations. The accuracy of these predictions is 


discussed in Section 6.3.1. 


4.1.2.5 Tension Coupon Stress Strain Curves 

Based on the characteristic parameters of the stress 
strain curves as determined from the tension coupon tests 
and given in Table 4.6, a series of mathematical expressions 
have been developed to describe their shapes. These 
expressions take the form: 


cmAt+BE+C _l/2 + D _ i/3 + £ a +F l/s +.¢ ,i/6 (ateeD) 


The strain ranges and corresponding coefficients for flat, 
corner, and weld sections are given in Tables 4.7, 4.8 and 
4.9 respectively. The stress strain curve for each of these 
sections as described by these expressions is found in 
Figure 4.5. 

Given the strain distribution across depth of the HSS 
relative to the axis of bending, and given that plane 
sections remain plane after bending, the strain at any 
location around the tube can be determined. The 
corresponding stresses can be determined with the use of the 
previously described stress strain curves. Combining these 
stresses with the associated residual stresses, and 
multiplying these values by the appropriate area, the load 


for any discrete section can be determined. The load carried 
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by the HSS on the plane is determined by integrating the 
loads for all the sections over the entire cross-section. 
The accuracy of using these curves to predict the load 


carried by the steel is discussed in Section 6.3.1. 


4.1.3 Residual Stresses 

By the method of sectioning, forty-four longitudinal 
and forty-four through the thickness residual strain 
meaSurements were made. The residual strain values were 
converted to residual stress values using the appropriate 
stress strain curve. Statics was checked and corrections 
were made to ensure that the sum of the axial forces on the 
section and the sum of the moments about both principal axes 
were zero. It should be noted that, the residual strain 
measurements include the effect of temperature change on the 
Specimens between the initial and final readings. An 
apparent net residual tensile strain of 29.4 x 10°° was 
determined from statics. 

The longitudinal residual stress distribution is shown 
graphically in Figure 4.6 as a ratio of longitudinal 
residual stress on the section to the stub column static 
yield stress. Negative values indicate a residual 
compressive stress and are plotted on the outside of the 
tube outline. From this single determination of residual 
stresses, it appears that effects of plastically deforming 
the corners of the tube are localized. The sections 


containing and affected by the weld have a net residual 
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tensile stress. The through the thickness distribution of 
longitudinal residual stresses is shown graphically in 
Figure 4.7 as a ratio of the through the thickness variation 
to the stub column static yield stress. The residual stress 
on the inside and outside face of each section has been 
plotted on the outside of the tube outline. Negative values 
are residual compressive stresses. These residual 
compressive stresses always occurred on the inside face of 
the tube and are shown in the figure as a dashed line. A 
Single solid line indicates that both the residual stress on 
the inside and outside faces are of the same magnitude but 
opposite sign. The cold formed HSS residual stress patterns, 
although slightly different in shape and relative magnitude, 


concur with those reported by Davison and Birkemoe (1983). 
4.2 Concrete 


4.2.1 Stress Strain Relationship 


4.2.1.1 Uniaxial Compressive Strength 

A least squares best fit third degree polynomial was 
derived to express the uniaxial compressive strength of the 
concrete as a function of time in days for the sixteen 
cylinders cast in steel molds. The polynomial is of the 
FOrm: 


f' = 5.69 + 2.03t - 0.034t° + 0.0002t- Card) 
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The strengths predicted by this expression are only valid 
for the age of concrete during the test period, 21 to 69 
days. Experimental and empirically determined values are 


given in Table 4.10. 


4.2.1.2 Modulus of Rupture 

Because the number of split cylinder tests and modulus 
of rupture tests was small and owing to the scatter of 
results obtained by other researchers, the maximum tensile 
strength for the uniaxial stress strain curve was set equal 
to the modulus of rupture as defined by Clause 7.6.2.2.2 of 
CAN3 - A23.3 - M77. Although concluSive statements cannot be 
made, experimental values were comparable with this 


definition of strength, as shown in Table 4.10. 


4.2.1.3 Modulus of Elasticity 

Twenty-nine tests were conducted on fifteen cylinders, 
in accordance with CSA A23.2-9C, to determine the modulus of 
elasticity. These tests were conducted regularly throughout 
the test period in order to obtain a relationship for the 
modulus of elasticity as a function of time. 

Each set of test data was evaluated according to the 
CSA standard. The modulus of elasticity was calculated by 
Gividing the difference between the stress at 40% of the 
ultimate load and the stress at 0.005% strain by the 
corresponding difference in strain values. These values were 
compared with the corresponding values obtained from the 


method of least squares. This data has been fitted with an 
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expression of the form: 


E = 4200./f! (455) 
Cc Cc 


where the compressive strength was determined by Equation 
4.4, The empirical and experimentally determined values are 
shown in Figure 4.8. It should be noted that Equation 4.5 
gives values of Ee that are 84 per cent of those given by 


CSA standard CAN3-A23.3-M77. 


4.2.1.4 Stress Strain Curve 

This curve has been developed to predict the unconfined 
resistance of the concrete given the strains meaSured during 
the column and beam tests. The experimentally based stress 
strain curve shown in Figure 4.9 consists of three parts. 

1. An elastic-brittle stress strain relationship was 
assumed for concrete in tension. The modulus of 
elasticity in tension was set equal to the modulus of 
elasticity in compression, the value determined by 
Equation 4.5. The maximum tensile stress was taken as 
the modulus of rupture. 

2. An elastic stress strain relationship was assumed for 
concrete in compression up to a value of stress equal to 
0.4 times the compressive strength. The modulus of 
elasticity was determined from Equation 4.5. 

3. The inelastic compressive stress portion is described by 
the Todeschini et al. (1964) stress strain curve. The 


ValUe.€ > is the strain at the maximum compressive 
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strength, f£. . By constraining the. Todeschini curve to 
pass through the point corresponding to a stress equal 
to 0.4f¢ and a strain of 0.4f) JE Qs the value of eo 
was evaluated and is equal to 4.79 times the strain at 
O.4f' . 
Given a time in days and the polynomial expression for a 
complete stress strain curve can easily be developed. Figure 
4.9 shows this idealized uniaxial stress strain curve for a 
28 day old concrete with the properties of the concrete used 


in this test series. The value for on 1S .2420 microstrains. 


4.3 Composite Stub Column Behaviour 


4.3.1 Load Deformation Relationship 

The average load strain curve in Figure 4.10, modelled 
after the experimentally obtained curve, can be described by 
a mathematical expression of the following form: 


1/4 AW fe) 1/6 


1/2 1/3 + Fe Ge (4.6) 


E eaie =A+Be+v+CeE we 8) ae 
The strain ranges and corresponding coefficients are given 
in Table 4.11. The triangular symbols in this figure denote 
the point at which initiation of local buckling was observed 
on the surface of the steel tube. The ultimate load of 1794 
kN, which is equal to 1.021 times the squash load, was 


calculated using Equation 4.7 and the experimentally 


determined material properties. 
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The axial load versus longitudinal strain relationship is 
Classimiedseccondingstosromii, et al. (1977) eas=beingra 
degrading type in which there is a decrease in the axial 
load in the load deformation curve after the ultimate load 
was reached. The stub column failed by a crushing of the 


concrete and outward local buckling of the steel tube. 


4.3.2 Concrete Contribution 

The composite and steel stub column load deformation 
curves as described by previously defined mathematical 
expressions are shown in Figure 4.10. The concrete load 
deformation curve shown in this figure is the difference 
between these two curves. 

Based on sixty testS on Square composite stub columns, 
Tomii, et al. (1977) suggest that there is no confinement 
action on the concrete by the steel tube for columns 
displaying a degrading type load deformation curve. Based on 
this premise, the concrete load deitormation curve should be 
equivalent to the uniaxial unconfined concrete load 
deformation curve as predicted by the proposed stress-strain 


model. As shown in Figure 4.10, the predicted curve 
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over-estimates the concrete load by a maximum value of 12.1 
percent at a Strain of 1100 microstrains and under estimates 
the concrete load by a maximum value of 6.3 percent at a 
Strain of 3000 microstrains. A single variable statistical 
analysis on the ratio of fifty predicted to observed 
concrete load values gives a mean value of 1.010 anda 
coemmicient fom variatrom of 5.7. percentijea bthough ethins 
result concurs with those reported by Tomii, et al. (1977), 
it may not be true for all HSS beam columns. 

The difference between the observed and the predicted 
curves shown in Figure 4.10 is a measure of error. Included 
in this meaSure are errors in meaSurement for the stub 
column tests, errors in approximating these curves with 
mathematical expressions and any error in assuming the 
proposed stress strain curve model for concrete. 

Due to the restraining action of the concrete core on 
the wall of the steel tube, the steel was able to sustain 
load for increasing deformations. This curve, shown as a 
dashed line in Figure 4.10, was approximated as the 
difference between the composite stub column and the 


predicted concrete load deformation curves. 
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Table 4.1 Example Set of Calculations for the Modulus of 
Elasticity, Tension Coupon 6 


SLRESS 
MPa 


delet 
23.4 
Somat 
46.8 
58.4 
70701 
Suns 
osteo 
OS 
TeOr 9 
12825 
140.2 
1-D4120-9 
163.6 
Vee S 
1.87.60 
13928 
196i, 
204.5 
210.4 
Sel. Oner2 
2224.0 
EXPT oe) 
Looe 
23036 


NOTES: 


STRAIN TANGENT 


<10n* 
mm/mm 


63 
128 
184 
236 
288 
347 
403 
467 
Bale2 
568 
626 
684 
738 
790 
848 
907 
939 
966 
927 

1032 
1061 
1094 
1138 
65 
1205 


MODULUS 
x10°MPa 


17988 
20Se 7 
22467 
224.7 
Lo See 
20 Oral, 
Reels) 
MaKe 0 
Z0 87 
20145 
Opler S 
216.4 
224.7 
ZO iio 
19 Bel 
ie2-6 
216.4 
West ©) 
166.9 
20 Alvd 
i70ad 
16223 
166.9 
146.1 


MOVING 

AVERAGE 
MODULUS 
x10°MPa 


N 
—_— 
N 

» e ° 


N 
(Ss) 
PAIDP-AVANWONAAWDWON 


AS DETERMINED BY THE 


74 


METHOD OF LEAST SQUARES 


MODULUS OF 
BLASTICGITY 


x10°MPa 


17988 
192.8 
20 26d 
Z0GR9 
20975 
Z200r 
ZU 56 
208.4 
209% 
209.4 
PAWS) Pf 
20.92 
20Cee 
2097.6 
209462 
209741 
BUGmo 
208.6 
“al OFS) 
207.4 
206.8 
206.0 
205a2 
204.0 


eS 


0.999960 
Uo 9I9624 
06939113 
0.998900 
OR 2998-96 
ORS 9355 
Om 9979005 
Oe Shhh 
OF 39 6n3 
0892676 
Hesse yy 
O99 9-213 
ths SSR h ce) 
OF 9998e0 
099.9839 
0.999864 
Os 399852 
OS 999892 
0.999964 
Ore 999.940 
Og eekseyi 
02999699 
029998 31 
Oe 99 983i 


1. BFC,, Modulus of Elasticity that corresponds 


Se Correlation coepiicient. ©. 
4. Calculations based on the entire data set. 


to the coefficient of determination, r? 
Closes tietoOmalr. 
2. The value of E, selected based on the trends 


indicated by the moving average technique. 


TOTES. 0 


 Ertege. a.’ 


2areece..0 
HrAeee.0 


. BEGRER OD 


regeee .0 


abnsaeesto> 
ahmass sia 


.suplanged 


" 


oe, 4.00 <p es fo Pe 


"4 Santee 
| ret 


NOTES: 


NOTES: 
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Table 4.2 Single Variable Statistical Analysis of the 
Modulus of Elasticity 


yee 


STEEL STUB COLUMNS 
CORNER COUPONS ' 


WELD COUPONS 
FLAT COUPONS?” 


n 


-—- NNN 


xX 0 

x Or eho 
MPa MPa 
21037 One 

22 Seng Wey Ths) 
2 VOrae 290 
2104 lesenee 


oOo --O 


1. One sample was rejected as an outlier, based 
Chauvenet's Criterion. 


2. One sample was rejected due to an accidental 
preload to the specimen. 


Table 4.3 Single Variable 


LNA ed ae 


STEEL STUB COLUMN' 
CORNER COUPONS 


WELD COUPONS 
FLAT COUPONS? 


Statistical Analysis of the 


Stress 


n 


— \) © — 


X 0 
MPa MPa 
389.0 = 
472.6 8.69 
474.1 Ge 
364.5 Baz 


1. One sample was rejected due to an uneven 


loading of the end specimen. 
2. One sample was rejected due to an accidental 
preload to the specimen. 
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Table 4.4 Coefficients Used to Describe the Stub Column 
Stress Strain Curve 


STRAIN RANGE 


COEFF- x10°>* mm/mm 
CIENTS 
O05 844- 
844 4936 
A 20" 700 -596,424 
B = 738,419 
Cc ae = 1354, One 
D SS Jq,.2.84) oat.68 
EB ca =2o 565.1 
NOTE: 1. Oh eae Ae + B _i/2 ce ee ao ®) _l/4 + E @i/5 


Table 4.5 Coefficients Used to Describe the Stub Column 
Load Strain Curve 


STRAIN RANGE 


COEFF- x10-° mm/mm 
CIENTS 
Oe 844- 
844 4936 
A 541,028 Je) ORsS 
B “2 2 tie eeteiteye) 
C > 294,888 
D = =5 O00. 
E = 41,838 
NOTE?) ih. Pstub in Ape + 8B _ 1/2 eC -i/3 + D ne he: + E _i/5 
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Figure 4.2 Modulus of Elasticity Distribution 
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Figure 4.3 Static Yield Stress Distribution 
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Figure 4.6 Longitudinal Residual Stress Distribution 
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Figure 4.7 Through the Thickness Distribution of 
Longitudinal Residual Stresses 
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5. TEST RESULTS AND GENERAL BEHAVIOUR 


5.1 Knife Edge Fixtures 

All columns were tested as pinned-end specimens. During 
the test end-rotations were monitored to ascertain whether 
the knife edge assemblages allowed pinned-end rotations to 
SCCULr. site si; commonly recognized that it is practically 
impossible to obtain absolutely perfect pinned ends, since 
some friction and other resistance will always be present. 
The end rotations were calculated from Equation 5.1 on the 
assumption that the deflected shape of a perfectly 
Ppinned-ended specimen is a half sine wave. 


+6)L 


(2) 
o= > ee =F G5icois) 


end rotation of a pinned end column,radians 
applied load, kN 

distance between the points of rotation, mm 
modulus of elasticity for the section, MPa 
moment of inertia for the section, mm‘ 
eccentricity of applied load, mm 

initial out-of-straightness at midheight, mm 
center-line deflection at midheight 

of the column under the applied load, mm 


Experimental and predicted values of end rotations for 
the steel column tests have been plotted as a function of 
applied load for concentrically and eccentrically loaded 
test specimens in Figure 5.1 and 5.2, respectively. The 
measured values are accurate to + 350 microradians and the 
predicted values are only valid within the elastic range. 
Comparison of the measured and predicted end rotations shows 


that the knife edge assemblages modelled pinned-ended 
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connections closely. 
5.2 Column Test Results 


5.2.1 Initial Out-of-straightness 

The initial out-of-straightness for each column was 
established in the north-south and east-west directions from 
a series of measurements taken from dial gauges mounted on a 
stiff aluminum angle. These values were adjusted to 
determine the relative out-of-straightness with respect to 
the reference measurements. As shown in Figure 5.3, the 
average of the difference between the sum of the two 
meaSurements made on one face from the sum of the 
measurements made on the opposite face, is the initial 
out-of-straightness of the column at that level. The 
out-of-straightness values for a typical column, C604, are 
given in Table 5.1. The maximum out-of-straightness, 
expressed as a ratio of column length and given by Equation 


5.2 for all columns are given in Table 5.2. 


“0 1 

[aE S28) 
where, Z = out-of-straightness 
The maximum out-of-straightness was 1/1590 for test specimen 


C605. In the plane of bending, the north-south direction, 


the mean Value for@initial "out—-of=straigqhtness “of@1/ 12606 is 
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Significantly less than the specified maximum for hollow 


Structural sections of 1/500. 


5.2.2 General Behaviour 

Table 5.3 gives the pertinent details for the nineteen 
columns tested and Figures 5.4 through 5.7 illustrate the 
load deflection curves for these tests. The load-deflection 
curves for both strain compatible and non-strain compatible 
composite columns with concentrically and eccentrically 
applied load are shown in Figures 5.6 and 5.7, respectively, 
to permit a direct evaluation of end connection effect. The 
load-deformation curves are based on load measurements made 
as the load was being applied, with the maximum strength 
being represented by the peak of each curve. The maximum 
Static column strength was obtained at the same point by 
recording the maximum load at a zero strain rate, which is 
characterized by the stabilization of the column i.e. - no 
further deflection at midheight. 

The load-deflection curves for the steel column Series, 
Figures 5.4 and 5.5, exhibit normal characteristics. For 
concentrically loaded columns C201 and C601 the effect of 
any initial out-of-straightness is virtually negligible. 
Extensive yielding had occurred in both columns C201 and 
C202 by the time they had failed by local buckling of the 
tube wall. Figure 5.8(a) shows this typical failure mode. 
All other columns of this series failed through overall 


buckling of the specimen. Note that columns C601 and C602 
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eventually failed by local buckling of the tube at midheight 
of the column. Column C1201 with a slenderness ratio of 
117.6 failed through overall elastic buckling. This specimen 
was unloaded and regained its original shape as verified by 
out-of-straightness measurements. It was retested with an 
applied load at a constant eccentricity of 65 mm, column 
C1201E, and exhibited identical behaviour to its counterpart 
column C1202. 

The load-deflection curves for the composite column 
series, Figures 5.6 and 5.7 are similar to the steel columns 
all exhibiting normal characteristics with the exception of 
column C205. Column C205, a non-strain compatible column, 
with a length of 1200 mm and an initial out-of-straightness 
of 1/19700, was tested under a concentrically applied load. 
Essentially the steel shell slid down the concrete core and 
buckled outwardly on four faces at three levels. Yield lines 
were evident on all four connection plates. This failure 
mode is shown in Figure 5.8(b). Strains along the length of 
the column were two to three times the static yield strain 
for the section. Column C203, the counterpart to C205, 
failed by outward buckling of the steel wall on three sides 
and simultaneous crushing of the concrete. This failure mode 
is typified by a sketch, as shown in section in Figure 
Sai Gone. 

The eccentrically loaded 1200 mm long columns, C204 and 
C206, failed through overall buckling and eventually 


developed the failure mode previously described. Composite 
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columns of the 600 and 1200 series all failed through 
overall buckling. 

Apart from the ultimate loads obtained, the general 
load deflection behaviour of the non-strain compatible beam 
columns is comparable to the corresponding strain compatible 
beam columns. There is no difference in the flexural 
stiffness between the two types. When strain compatibility 
is not ensured, the reduction in load carrying capacity 
varies from 0 per cent to 18 per cent for concentrically 
loaded columns of slenderness ratios of 118 and 20, 
respectively and less for eccentrically loaded columns. In 
general, the effect of the concrete is to increase the 
flexural stiffness and to stabilize the tube wall against 


local buckling. 


5.2.3 Deflected Shapes 

Figures 5.9 and 5.10 are typical examples of the load 
deformation history of concentrically and eccentrically 
loaded columns which failed through overall buckling. The 
half sine wave shapes shown here are consistent with the 
assumption made in Section 5.1 and they illustrate quite 
clearly that the knife edge assemblages functioned as 
pinned-ended connections. The small and erratic behaviour of 
column C203, as shown in Figure 5.11, is indicative of 
columns with small slenderness ratios which realize high 
Strains along the length of the column before failing by 


local buckling. As shown in Figures 5.9 through 5.11, 
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relatively small deflections for most of the load history 
are attributed to small values of initial 
out-of-straightness and to the precise alignment of the 


column in the loading apparatus. 


5.2.4 Steel Strain Distributions 

The resulting steel strain distributions for the 
non-strain compatible column series are presented in Figures 
ei 2echnrougneo.l7=asma Lunetiony Or Nnon-aimensional nergqne 
for a series of loads depicting the load history. 

Figures 5.12, 5.13 and 5.14 gives the steel strain 
distributions for concentrically loaded columns with 
Slenderness ratios of 20, 59.9 and 117.6, respectively. The 
predominant features of these distributions are noted here. 
1. At small loads, the strains along both sides of the 

column are virtually equal and constant, indicating that 
the load was applied concentrically at the section. 

2. The erratic distribution of strain values at the upper 
end of the column just below the connection plates, as 
in C605 and C1205, and those for C205 of ultimate load 
are attributed to out-of-plane displacements of the tube 
wall (localized bending effects). 

3. The general shape of the average steel strain 
distribution for tests C605 and C1205 is one which 
decreases in magnitude, from a maximum value at the 
upper end, asympotically to a constant value at the 


lower end of the column. 
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4, Differences of strain values from one side of the column 
to the other are due to overall bending of that column. 

Figures 5.15 through 5.17 show the steel strain 
distributions for eccentrically loaded columns with the same 
series of slenderness ratios. Similar observations can be 
made about the strain differences and erratic distributions 
for the eccentrically loaded columns. 

Although the magnitude of the strain values for the 
steel and strain compatible column series may differ from 
the non-strain compatible column series, the shape, and 
relative increase in strain value to increase in load is 
Similar to that presented in Figures 5.12 through 5.17 for 


corresponding column lengths and load applications. 


5.2.5 Concrete Strain Distributions 

The resulting compressive concrete Strain distributions 
for the south face of the non-strain compatible column 
series are presented in Figure 5.18 through 5.22 and 5.24 as 
a function of non-dimensional column height for a series of 
loads depicting the load history. Figure 5.23 is a similar 
presentation of concrete strain data for the north face of 
test specimen C606. 

In these figures two reference lines have been drawn, a 
zero Strain line and a parallel line, which mark the maximum 
tensile strain before rupture, as described for the uniaxial 


stress-strain model for concrete in Section 4.2.1.4. 
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Strains that are not considered reliable, due toa 
loosening of the embedded bars during installation are 
marked aS spurious points. When these bars reached their 
Maximum travel, i.e. the bars made contact with the steel 
shell, the readings at these locations were discontinued and 


therefore not reported. 


5.2.6 Slip Distributions 

Slip distributions are descriptions of the relative 
movement of the concrete core with respect to the steel 
shell at any point along the length of the column. These 
were determined for the non-strain compatible test series by 
two methods. 

1. Method A - slip distributions were calculated by 
integrating the difference in measured steel and 
concrete strains from the lower end of the column where 
no slip occurred to the upper end. 

2. Method B - slip distributions were measured directly as 
the difference in movement between a demec point on the 
steel shell and one mounted on a horizontal bar embedded 
in the concrete and modified to account for the change 
in length of the steel tube under the applied load, over 
the gauge length of the slip meaSurement. 

The slip distributions as determined by Method B are 
considered more reliable than those by Method A. With the 
exception of one for comparison, the distributions as 


determined by Method B are the only ones presented. Due to 
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the limited travel of the embedded bar with respect to the 

shell, the maximum measureable slip was approximately 3.2 

mm. This limit is shown on all slip distribution figures. 

The slip distributions for concentrically loaded 

non-strain compatible columns are shown in Figures 5.25 

through 5.29. Figures 5.25 and 5.26 are comparable slip 

distributions for the south face of column C205, as 
determined by Method B and Method A, respectively. The 
pertinent features of these distributions are: 

1. The maximum slip value, which occurs at the upper end of 
the column, decreases as the column becomes more 
slender. 

2. Virtually no slip occurred at midheight on either face 
St@column€eCH205¢ 

3. The slip distributions for C205 and C605 are linear. 

Slip distributions for both the north and south faces 
of the eccentrically loaded non-strain compatible columns 
are shown in Figures 5.30 through 5.35. The most significant 
feature is the decrease in the maximum slip value as the 
column becomes more slender and as the eccentricity of the 
applied load increases. For example, the maximum slip for 

the eccentrically loaded column C1206 is approximately 0.2 

mm, one-fifth of the value of its concentrically loaded 


counterpart C1205. Spurious measurements are marked. 
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5.3 Flexural Tests 

Table 5.4 gives pertinent details for the six beams 
tested and Figure 5.36 illustrates the moment-curvature 
curves for these tests. The moments have been calculated 
from dynamic load measurements and the curvature, based on 
the strain distribution at center span, was calculated from 
the values of strain aS meaSured by gauges mounted on the 
steel, top and bottom of the beam. These curves exhibit 
normal characteristics. 

Both steel beams failed by local buckling of the tube 
wall, typified by an inward buckle on the compression flat 
and outward buckles of the web flats, as shown in Figure 
5.37(a). All composite sections failed with a tensile 
failure of the bottom chord flat, crushing of the concrete 
core and outward local buckling of the compression flat, as 
shown in section, in Figure 5.37(b). Failure was initiated 
in the region of the steel rods which were embedded in the 
concrete and used as mounts for Demec points, as discussed 
in Section 3.3.2. In the non-strain compatible cases the 
relative displacement of the concrete core with the steel 
shell at both ends of the beam, was negligible. Apart from 
the ultimate moment capacities the results of these tests 


are not discussed further. 
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Table 5.1 Reduced Data Derived from the Out-of-Straightness 


LOCATION EAST WEST 
h/L 

S) 6 ] 2 NET 
09397 2 0.0 G0 On.0 Or0 O20 
O° 8675 0-869 3.099 Oe 23 0.109 OS oS2 
0.7450 2.436 Bees Tsoi Oh AT) 0.820 
iebe2o 1.638 2130.5 05495 7-0-7605 1.034 
0.5000 1.554 232) O52 See Onn G7 V0 OF. 
053775 n085 1728.19 O02 50emas 0. O56 05935 
0.2550 io 5 2.026 1.194 0.696 O67 
als 25 0.295 O58 79.70.2907 5-0. 549 0.429 
02028 1 0.0 0.0 Gz G 0.0 0.0 
LOCATION NORTH SOUTH 

h/L 

3 4 7 8 NET 
O39) 3 0.0 0.0 Ono 0.0 0.0 
0.8675 1074 Omen Oil 4 1956 OFO0528e i 6 
0.7450 O00 Sm 2.090 Palys) 5) 2,20 2aeean OOS 
0 #6225 —%:25 508-3 2663 2.002 He OOM ernie © 
0.5000 =H 3418 9-359 36 Diem! © deh So) ae ea 2 
OFS. 45 ='52.95 ents 0.05 1.796 lino 68 ad. 902 
O12 990 0.414 -0.478 2.814 Zeal eg eae © 217 
Orei3S:25 =, OR/s/ ae Ore 96'S 0.676 O07 425-0 .726 
OV 028 1:2 0.0 030 O50 0.0 0.0 

NOTE: 1. The net value 1S equal to the average of the sum 


MeaSurements for Column C604 


of readings on one face less the sum of the 
readings on the opposite face. 


2. All measurements are in millimeters. 
3. The measurements at these levels were used as 


reference measurements. 
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Table 5.3 Column Test Results 


SPECIMEN Py FAILURE MODE AND REMARKS 


kN 


C200 COLUMN SERIES, 1200 mm long, Kl/r=20 


1007 local buckling at a distance d from the 
bottom end, see figure 5.8(a); 

485 local buckling at a distance d/2 from the 
bottom end, see figure 5.8(a); 

RNa local buckling / crushing of concrete, 
see figure 5.8(c); 

1 overall buckling; 

1179 outward local buckling of steel wall, 


see figure 5.8(b); 
635 overall buckling; 


C600 COLUMN SERIES, 3600 mm long, Kl/r=59.9 


868 overall buckling (load applied by load 
Conenod):: 

347 overall buckling; 

eval overall buckling; 

479 overall buckling; 

1214 overall buckling; 

465 overall buckling; 


C1200 COLUMN SERIES, 7070 mm long, Kl/r=117.6 


357 overall elastic buckling; 
Loe overall buckling; 
O77 overall buckling; 
476 overall buckling; 
243 overall buckling; 
481 overall buckling; 
242 overall buckling; 


is the static maximum load (zero strain rate). 


2. All test were tested under stroke control except 
C601 which was tested under load control. 

3. K=1.0 for pinned end specimens and the radius of 
gyration is based on the steel section 
properties alone. 

4, Odd and even numbered specimens were tested 
concentrically and eccentrically respectively. 

5. The last digit of the specimen identification 
number designates the type of column: steel 
(1,2), composite strain compatible (3,4), and 
composite non-strain compatible (5,6). 
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SPECIMEN 
and 
TYPE 


B21 
Steel 


B25 
Steel 


B2Z 
Composite 


B23. 
Composite 
non-strain 
compatible 


B24 
Composite 
non-strain 
compatible 


B41 
Composite 


Notes: les 


108 


Table 5.4 Flexural Test Results 


LENGTH 


mm 


2000 


2000 


2000 


2000 


2000 


4000 


625.2 


San 2 


SOR2 


FAILURE MODE AND REMARKS 


Inward local buckling of the 
upper flange in the shear 
Span, 110 mm from the loading 
pad; 


Inward local buckling of the 
upper flange in the constant 
moment region, 155 mm from 
the loading pad, 

Figure) 5.37 (ap; 


Tensile failure of the lower 
flange, outward buckling of 
the upper flange with crushed 
concrete, at a demac point 
location 125 mm from center 
Span, Figure 5.37(b); 


Similar to’ B22, 
Figure 5.37(b); 


Simitaretoune:, 
Figures 5.3/(b); 


Simiularveo B22, 
Bugurey 357.(b)- 


The displacement of the concrete core with 
respect to steel shell at either end was 
negligible for all composite non-strain 
compatible flexural tests. 

The inside of the tube was coated with form oil. 
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Figure 5.4 Load-Deflection Curves for Concentrically Loaded 


Steel Columns 
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Figure 5.6 Load-Deflection Curves for Concentrically Loaded 
Composite Columns 
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Figure 5.9 Load Deflection Curves for Concentrically Loaded 
Column c 603s 
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Figure 5.10 Load Deflection Curves for Eccentrically Loaded 


Column C606 
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Figure 5.11 Load Deflection for Concentrically Loaded Column 
C205 
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Figure 5.12 Steel Strain Dictmiputions Lor Concentrically 
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Figure 5.13 Steel Strain Distributions for Concentrically 


Eoaced Column Ceu5, 
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Figure 5.15 Steel Strain Distributions for Eccentrically 
Loaded Column C206, L/r=20 
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Figure 5.16 Steel Strain Distributions for Eccentrically 


Loaded Column €606, L/r=59.9 
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Figure 5.18 Concrete Strains on South Face of Column G205%, 
as Measured with a Demec Gauge 
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Figure 5.19 Concrete Strains on South Face of Column C605, 
as Measured with a Demec Gauge 


— 


i. 


128 


|.000 


0.875 


0.750 


0.625 


LEGEND 
0.500 
P =100 kN 
P =200 kN 


P =400KN 


Gee al 
Ces) 
A—A P=300kN 
SS 
<——<__P =490kN 


0.375 


NONDIMENSIONAL HEIGHT , h/L 


0.250 


O25 


0.000 
-|Q000 -500 O 500 1000 1500 
CONCRETE STRAIN , XIO"S6 mm/mm 


Bigure 5.20, Goncrete Sinai nceonssouuh shace: oraColumn ClZ05), 
as Measured with a Demec Gauge 


aw3e3J 


is COL 2S 
Ad OOS « 9 
YA COE = 4 
ys OO 4 
“vs OPPs Cj 


he a 
oa 
Lem 
Sa tl 
va 


ao 


ie 


1.000 


0.875 


LEGEND 


P= lOO KN 
P =200 kN 
P = 300kN 
P =400 kN 
P =500KN 
0.625 P =600 KN 
P =670OKN 


0.750 


0.500 


0.375 


NONDIMENSIONAL HEIGHT , h/L 


0.250 


0.125 


0.000 . 
-12500 -1{Q000 -7500 -§5000 - 2500 O 


CONCRETE STRAIN ,XIO7©mm/mm 


Bicguremsos2 i ~wCconcrete Strains on South Face of Beam Column 
C206, as Measured with a Demec Gauge 


130 


1.000 


0.875 


0.750 


0.625 


LEGEND 


P=100 KN 
P=200 KN 


0.500 


P =400 KN 


aaa 
eS 
A—A P=300 KN 
a 
—« P=486 KN 


0:375 


NONDIMENSIONAL HEIGHT , h/L 


0.250 


O25 


0.000 
-4000 -2000 O 2000 4000 6000 


CONCRETE STRAIN, X1IO°©& mm/mm 


Figure 5.22 Concrete Strains on South Face of Beam Column 
C606, aS Measured with a Demec Gauge 


131 


|.000 


0.875 


0.750 


NONDIMENSIONAL HEIGHT , h/7L 


0.625 
0.500 
LEGEND 

2.379 (o—=] P= 100 kN 
GO—) P=200kN 
A—A P=300kKN 
+—+ P=400kN 

0.250 <— «<P =486kN 

0.125 

0.000 7 

-4000 -2000 0 2000 4000 6000 


CONCRETE STRAIN , XIO°mm/mm 


Rugdune © 223 ¢Concnete Strains on North Face of Beam Column 
C606, as Measured with a Demec Gauge 


a er. et = 


Se 
i eg 

= 
i oo 


r 
. 
| 
L 
| 


re ty 
CWS eS, 


nHOOSs4 Oe | , 
YAODE S94 Bee 
Bd OOR=h ee 


We Raes @ OS 
aes a? 


DE RL EO IRE 
be ~— 


7 ae 


= 2 ~ ancy are " -— 

ae Ca aed 

: “veh ae 
—~ 
/ 


Al 


1.000 

0.875 

0.750 
=) 
= 0.625 
Je 
Ke 
15 
52) 
Wi 0.500 LEGEND 
+} (4—_7] P=50kN 
3 O—) P=|00kN 
ro A— P=I50 kN 
2 0.375 Ee P= 2OORN 
= s—_ > P= 245KN 
oO 
Fue 
S 

0.250 

0.125 

0.000 

-2000 -|000 0 1000 2000 3000 


CONCRETE STRAIN , XIO°mm /mm 
Figure 5.24 Concrete Strains on South Face of Beam Column 
C1206, as Measured with a Demec Gauge 


5 
ot) 


_ 


a 
= ae 


vi393.4 “f\oo4 fee. Be 


7 


r 
mioes 9 (3 
Vw OO) «4 


NONDIMENSIONAL HEIGHT , h/L 


|.000 


0.875 


Spurious Point 


0.750 


Generated Point 


0.625 


0.500 


O°3i9 


LEGEND 


0:250 


= 
as 
AA 
— a 
aa 
ae 
Pah 


0.125 


0.000 
mane 10) -4.0 


P=200 KN 
P=400 KN 
P=600 KN 
P =800 KN 
P =IO000 KN 
P=l1!100 KN 
P=1225 KN 


=n) 2.0) 
SUE mam 


= © 


0.0 


Fa GULe. Se 25e S21 Pp. On, Souths Faces off Col umny C2055 MetinodgsB 


as ie 8 


a 


i 8 


NONDIMENSIONAL HEIGHT , h/7L 


1.000 


0.875 


0.750 


0.625 


0.500 


0.375 


LEGEND 


0.250 


ea 
Cased) 
ae 
Se 
0.125 ss 
Cre) 
——> 


0.000 
=O) -4.0 


PEquLe ss 26751 1p-on 


P= 200 KN 
P= 400 KN 
P= 600 KN 
P=800 KN 
P=l000 KN 
P=1!100 KN 
P=1225 KN 


134 


-3.0 ifs Se) =1.0 0.0 


SLIP ,mm 
South Face of Column C205, 


Method A 


GM393. 


nyous=4 GO 
va COP =9 @—O 
W1008«9 4-4 
ye 008 =a +——+ 
Wa OCOIeS OA 
Wa OOlie4 

wa @ssi=4 


NONDIMENSIONAL HEIGHT , h/L 


|.OO0O 


0.875 

0.750 

0.625 

0.500 

0.375 

LEGEND 

Sheets P = 200 kN 
P = 400 kN 
P = GOO KN 
P = 800 KN 

0.125 P = 1000 kN 
P = 1250 KN 

0.000 

-4.0 -3.0 -2.0 -1.0 0.0 


Sib 5 tou 
Figure 5.27 Slip on South Face of Column C605, Method B 


|.0 


yo0e 29 
* ~l COB = 4. pens 


yx 008 =9 + i : 
“WOOO! <9 = BSLO 


hye tet: imal 
ino ‘ ne 


—_ 
-_ 


|.000 


0.875 


0.750 


0.625 


0.500 


oH 
oD 
ae 
ee 
oes 


0.375 


NONDIMENSIONAL HEIGHT , h/L 


0.250 


Gas 


fe) =Alie) 


LEGEND 


P=l100 KN 
P =200 KN 
P=300 kN 
P=400 kN 
P=49S0 KN 


=) AO)Ns) 
SLIP ,mm 


0.0 


136 


0.5 


Figure 5.28 Slip on South Face of Column C1205, Method B 
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Figure 5.30 Slip on South Face of Beam Column C206, Method B 
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Figure 5.31 Slip on North Face of Beam Column C206, Method B 
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Figure 5.32 Slip on South Face of Beam Column C606, Method B 
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Figure 5.34 Slip on South Face of Beam Column C1206, Method B 
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6. LOAD TRANSFER MECHANISMS 


6.1 General 

For non-Strain compatible composite columns to obtain 
ultimate load capacities greater than that of their 
counterpart steel columns, some type of interaction and 
hence load transfer is required between the two materials. 

The manner in which the load is transferred from the steel 

shell to the concrete core will be referred to as a load 

transfer mechanism. For this test series four different 
mechanisms have been identified as follows: 

1. Adhesion due to chemical reactions and/or suction forces 
resulting from capillary action during the hydration 
process. 

2. Micro-interlocking of surface irregularities of the 
steel shell with the cement paste to which it is mated. 

3. Friction due to pinching of the concrete core by the 
steel shell resulting from the eccentricity of the 
applied loads on the connection and/or buckling 
restraint provided by the concrete. 

4. Binding or curvature effect which results from imposing 
compatible deformations on two materials of different 
flexural stiffnesses. 

These can be classified into two groups according to 
scale: adhesion and micro-interlocking as micro effects and 


friction and binding as macro effects. 
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A mathematical solution has been developed to describe 
the micro-interlocking mechanism case and is presented in 
Section 6.2.2.1. Plausible scenarios are presented for the 
other load transfer mechanisms. The load transferred by 
these mechanisms is compared to the concrete load 
distributions derived from experimental data in Section 


Gases. 


6.2 Load Transfer Mechanisms 


6.2.1 Adhesion 

Adhesion of the two materials may be the result of 
chemical reactions and/or suction forces along the 
interface. Theories, as put forth by Wuzner, Nacken and von 
Rodt, and Pogany on the development and action of adhesive 
forces between steel and concrete are summarized by Rehm 
(1961). Rehm concludes that regardless of which concept 
corresponds more closely to actual conditions, adhesion 
exists between the two materials and that it should not be 
discounted as a viable load transfer mechanism during the 
early stages of loading when relative displacements are 
small. For concrete filled tubes, shrinkage of the concrete, 
would have an adverse effect on the development of adhesive 
LOLCES. 

The adhesive forces bind adjacent steel and concrete 
elements together forcing the concrete to undergo 


deformations that are equal to that of the steel. Adhesion 
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is an elastic brittle load transfer mechanism. In the case 
of non-sStrain compatible composite HSS beam columns its 
contribution to transfer load is neglected since the 
adhesion forces are overcome at slip values less than 0.01 


mm, Rehm (1961). 


6.2.2 Micro-Interlocking 

The concept of load being transferred by shear from 
steel to concrete through a series of cement paste keys 
interlocked and mated with the surface irregularities of the 
steel was first presented by Rehm (1961). Rehm surmised, 
after extensive work on load slip relationships of steel 
bars of varying surface roughnesses, that the load 
transferred and the rate of load transfer is dependent on 
the load deformation response of the shear keys, which is a 
function of the size, shape, spacing and material properties 
of the keys. 

A shear transfer function of the form given in Equation 
6.1 has been selected to model the shear deformation 


response of the system of cement paste shear keys. 


where, Vx = shear load transferred per mm at 
a distance x along the length of 
the column from the lower end, N/mm 
Wy = relative displacement between the 
two materials , that is as slip, mm 
a,b = are constants defining the shape 
of the function 
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This function shown in Figure 6.1 is consistent with the 
load deformation response found by Rehm. The tail of this 
curve represents the frictional resistance provided by the 
cement paste rubble which lies between the steel shell and 
the concrete core. Both Rehm (1961), and Somayaji and Shah 
(1981) developed a governing differential equation for slip 
along the length of a reinforcing bar, as a function of a 
bond stress versus slip relationship and the applied load. A 
Similar treatment of the problem is used here to determine 
the slip distribution along the length of a perfectly 
straight, concentrically loaded, concrete filled HSS column 
where strain compatibility is not ensured at the upper end. 
Given the slip distribution and the shear transfer function 
the distribution of load transfer from the steel to the 


concrete can be determined. 


6.2.2.1 Development of the Governing Differential Equation 
for Slip 

For the purpose of this discussion, the composite 
column is represented in Figure 6.2(a) as two rectangles, 
where the shaded area represents concrete and the plain area 
steel. At any distance x from the lower end, the load P, 
applied to the upper end of the column is shared by the 
concrete and the steel as shown in Figure 6.2(b). From 
equilibrium of the vertical forces in the x-direction: for 


the section shown in Figure 6.2(b), 
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Assuming that both materials behave elastically, Equation 


6.2 can be written as, 


P= AEE +e no) sss) 


where, Aj cross-sectional area of the concrete 


@ 
ie) 
| 


= modulus of elasticity of the concrete 


longitudinal strain in the concrete 
at a distance x from the lower end 
A longitudinal strain in the steel at 
a distance x from the lower end 
modular ratio, E,/E, 

p = reinforcement ratio, Ag/Ac¢ 
cross-sectional area of the steel 
modulus of elasticity of steel 


S} m 
i) i) 


At a distance x=l from the lower end of the column, the 
applied load is carried by the steel section alone, which 


causes a longitudinal strain in the steel ¢.. 


(6.4) 


Rearranging Equation 6.4 in terms of the load P, and 
substituting it into Equation 6.3, the longitudinal strain 


in the concrete at a distance x can be expressed as 


San oe af{e. = Gx (6, 35) 


Mie BLOCalmEsip & .W.2;ue1 SeGetunedirtas the total difference in 
the elongation of the two materials from the lower end of 
the column where x=0, to the section at a distance x from 


that end. 


Be oat 
t | a 
a ve a = VUE ES 


ls ae 
aoteaage west ele” 


b| y7 
- 7 ‘een 


(£.98) 


sieiones edi to: 
aiwvrpnes: edad ioiaieehtn to eulet om 


egeisnes edd nk atusse:t nebo? ba tegen at 

baa rewol odt mort x sonadeib 6 Bis ree 

te Leede aid oh niexie danibus 

bas iswol sft @oxt x Ssnes2 a 5 

‘g@\eF ot eee * pial 

Pree A okie ‘gnome c1oinies « q. 

s leesia ads" “to is Ienoitoeeraacis ©. 9.) 


[sete to ¥2 + reretl rhe Ben) peo ss Se 


se? oe 


- _ 


: = 
odd .dmulos odd to baw tewol ons mot? iox sonsaate | | IK 


» 2 


daidy ,onole noltoee Ieese wits xd beixsss ab beot § beilqgs- 


2% $2038 ons ni ntexte Laaibusigact » Mei 
Mee ay i 
=i < 7 prs 
(oa), = y oa he . ; 
se” & va = f at 7 7 
j P th 
qe: 


bam «% Seed ade a eases ob $a votsmups et pas: seo) 
nterse Lenibesipred sia \£,3 noizeups ogni 3k pnisusizes 
eae Le 


£6 v6 Sawai tt me x eonesadb Peis Je29Ne > ai 


- 
on 
ae 


(acer ey = aha qe Pe ees ae! 
mae satay ys ot ae : one eons 


ee ‘ 


1541 


Ww = [ (e -€ ) dx (6.6) 


algC =e (6m) 


Substituting the expression for concrete strain, Equation 
6.5, into Equation 6.7 and rearranging the terms, dw,/dx can 


be expressed as, 


dw 
fer "oT) Depo ES (6-6) 


Differentiating Equation 6.8 with respect to x, 


de 
=(l+p 1) —= (Ges!) 


From equilibrium of the forces in the x-direction for a 
steel element of length dx and located a distance x from the 
Vowerwend, as shown in Figure 6.2(c), the shear) force zat 


that point can be expressed as, 


dP... 
Veo ase (6.10) 
At a distance x, the steel load is given as, 
=o CGmane) 


Similarily a small change in steel load with respect to x, 
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at x, can be expressed as, 


ae =——AE (6.12) 


Substituting Equation 6.12 into Equation 6.10 and 


rearranging the expression to give the rate of change of 


steel strain with respect to x, gives 


6413) 


Substituting Equation 6.13 into Equation 6.9 gives the 
governing differential equation for slip as a functioniot 


the shear transfer function, 


= 0 (6.14) 


The boundary conditions as shown in Figure 6.2(a), are as 

follows: 

1. A steel plate across the lower end of the column forces 
Phemcll pe Way) tOeDe ezerOpatex=C). 

2. At the upper end of the column, x=l, the concrete strain 
is zero and the steel strain is equal to e,. From 


Equation 6.7, at x=1, dw, /dx=e, . 
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6.2.2.2 Solution of the Governing Differential Equation for 


Slip 


In order to solve this governing equation for slip, an 


iterative step-by-step numerical integration method had to 


be applied. The solution process takes on the form: 


tee 


Treat the problem as an initial value problem - i.e. the 
initial values of the dependent variable w, and its 
derivative dw,/dx are known at x=0, however, because 
dw,/dx is unknown in this case, a trial value is used 
instead. 

Transform the second order differential equation into a 
set of two first order differential equations, apply two 
sets of Runge Kutta formulas and integrate over the 
length of the column from x=0 to x=l. 

Compare the value dw,/dx at x=l as calculated by this 
step-by-step integration, with dw,/dx at x=l given as a 
boundary condition. If the difference in the two values 
is outside acceptable limits of accuracy, then a new 
trial value of dw,/dx at x=0 must be used, and the 
solution process repeated. If the difference between the 
two values is acceptable, then the solution has been 
found. 


Based on the solution process and given the shear 


transfer function defined in Figure 6.1, the slip 


distributions for three different loads have been determined 


for test specimen C1205 and are shown in Fagune® Ges .eoquare, 


octagonal and triangular symbols represent the average slip 
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values, as determined by Method B, for the north and south 
faces of column C1205 for applied loads of 100 kN, 300 KN, 
and 490 kN, respectively. For the given set of loads, the 
calculated slip distributions correspond closely to those 
measured in both magnitude and shape as can be seen by 
comparing the curves in Figure 6.3 with the corresponding 


test values as shown. 


6.2.3 Macro-Interlocking - Friction 

At the top of the non-strain compatible composite 
columns, load was applied to plates welded to the outside of 
the tube as shown in Figure 3.1. These were eccentric to the 
resultant of the load in the tube and concrete below the 
connection, as shown in a free body diagram of the upper end 
connection in Figure 6.4. To equilibriate this couple, 
tensions are developed in the wall of the tube at the top of 
the connection and compressions in the concrete at the 
bottom of the connection, as shown in Figure 6.4. Friction 
develops between the steel and concrete due to the normal 
force exerted by the concrete on the steel. Later in the 
loading sequence a similar action occurs where local 
buckling of the tube develops. The magnitude of the friction 
force developed is a function of the b/t ratio of the tube 
(local stability due to inplane forces), the flexural 
rigidity of the tube wall, the eccentricity of the 
connection, the moment rotation characteristics of the 


connection, and the loads applied to the column. 
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Characteristically, for the non-strain compatible tests, the 
load transfer to the concrete by this mechanism occurred in 
a very short length just below the connection plates at the 
upper end of the column. It was observed that this pinching 
action was not significant until the compressive strains for 
the steel wall exceeded the yield strain, after which the 
loads transferred by this action increased in proportion to 
the applied load. At the present time the information 
necessary to determine the normal force between the steel 
and the concrete is not available. No attempt has been made 
to develop a model for the friction macro-interlocking load 


transfer mechanism. 


6.2.4 Macro-Interlocking - Binding 

The load transferred by this mechanism was done through 
forced deformation. The two materials are bound together by 
imposing compatible global deformations on two materials of 
different flexural stiffnesses. This effect is further 
enhanced due to a volumetric increase or swelling of the 
concrete as a result of micro-cracking, which the concrete 
experiences when subjected to large compressive strains. 

The mechanical binding of these two materials forces 
the concrete to undergo some deformation along the length of 
the column which is proportional to that of the steel in the 
same region. The rate and quantity of load transferred due 
to forced deformation depends upon the quality of the 


binding effect, which is a function of the applied load, 
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curvature and length of the column, and the relative 
movement of the concrete with respect to the steel. For beam 
columns, the effect of this mechanism diminishes as the 
column length becomes shorter and increases as the 
eccentricity of the applied load increases. 

This mechanism is the dominant load transfer mechanism 
for those beam column members subject to or approaching a 
State of pure flexure. For beam column test specimens C1206 
and C606, the mechanism is characterized by a steady 
transfer of load up to a maximum value which occurred at a 
distance of less than half the column length from the free 
surface of the concrete, for the entire range of applied 


loads. 


6.3 Non-Strain Compatible Column Tests 


6.3.1 Loads in Steel 

Loads carried by the steel shell at any location along 
the length of the tube were determined from a pair of 
electrical resistant strain measurements which described the 
linear strain distribution across the section about the axis 
of bending. For calculated steel loads based on the steel 
stub column tests, the stress was found for the 
corresponding strains of each of twenty-two points across 
the width of the section from the stub column curve as 
described in Section 4.1.2.4, and integrated over the area 


to give the total force in the steel. As discussed in 
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Section 4.1.2.5 a similar procedure was used to determine 
load from the tension coupon test data except that the 
effects of residual stresses, automatically accounted for in 
the stub column tests, had to be incorporated. 

The accuracy of these procedures was assessed by 
examining the ratio of the predicted load to the applied 
load for the steel column tests, as shown in Figures 6.5 and 
6.6. Each point on these figures represents the mean of 
fifteen predicted to applied load values made along the 
length of whe column..iin allcases) ithe »fifteen measuring 
Stations considered were below the loading plate area. 
Outliers from each of these subsets have been rejected using 
Chauvenet's criterion. 

In general, as the applied load was increased, the 
ratio of predicted to test mean values approached a value of 
one, indicating that this procedure for evaluating the load 
carried by the steel was satisfactory. At low loads, where 
the magnitude of the steel strains are in the order of 10 
microstrains, these strains are comparable to the 
sensitivity of the measurement - i.e. one per cent of miudl 
scale. The results obtained from strains that are not much 
in excess of the sensitivity of the gauges are suspect and 
may not be considered reliable. 

Using Chauvenet's criterion, seven outliers were 
rejected for the population of means shown in Figure 6.5. 
Based on stub column data the mean value of the predicted to 


test value is determined to be 0.974 with a coefficient or 
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variation of 0.035. From Figure 6.6, based on the tension 
coupons and longitudinal residual stress distribution data, 
six outliers were rejected from the population and the mean 
value is determined to be 0.953 with a coefficient of 
variation of 0.036. For subsequent analyses loads in the 
steel have been taken to be those predicted on the basis of 


stub column test data. 


6.3.2 Loads in Concrete 

For any given test, load level, and location along the 
length of the column, the load in the concrete was 
determined simply as the difference between the applied load 
and the load calculated in the steel based on the 


corresponding steel strains. 


P =P-P (6.15) 
>,¢ 


Figures 6.7 to 6.12 give the distributions of load in 
the concrete as a function of the distance from the upper 
surface of the concrete over the history of the tests. In 
each of these figures an insert has been included which 
identifies the column as being loaded concentrically or at a 
constant eccentricity of 65 mm. Irregularities in the 
concrete load distributions are the direct result of the 
variations in the steel strains used to determine the 
concrete loads in these distributions. 

For columns with slenderness ratios of 60 and 118, the 


variations are reflected in the concrete load distributions 
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as small fluctuations about a best fit curve for the data. 
Large variations in adjacent concrete load values occur at 
the upper end of the column just below the connection plates 
for all columns and along the entire length of columns with 
a slenderness ratio of 20, for a range of applied loads 
approaching the ultimate load. These variations are 
attributed to localized straining of the tube as a result of 
out-of-plane movement of the tube wall. As an example, an 
increase in steel strain over the expected value, where the 
expected value is that value which would be obtained without 
variations of any nature, translates as a decrease in 
corresponding concrete load. 

Due to the manner in which the load was applied to the 
column, load was transferred to the concrete from the steel, 
and not vice versa. It is reasonable then, to suggest that 
the load carried by the concrete at any location along the 
length of the column from the free surface of the concrete 
at the upper end is equal to or greater than the load 
carried by the concrete at a location nearer to the free 
surface. Based on this premise, an understanding of the 
irregularities in the concrete load distributions, and a 
knowledge of the general behaviour of each column, smooth 
curves have been constructed to fatethescalculatedsconcrete 
loads. 

The concrete load distributions given in Figures 6.13 
and 6.14 for the two longer concentrically loaded columns, 


are reasonable approximations of the measured curves plotted 


ve = ; 
aia ° “as “303: ava oa by a 
$8 “IWDDd" ‘gnusinsbiation JoToNeg $192! 


eetsiq noidosmnos 364 woled 3 


| | cs 
dtiw annuyioo is dapnel szijas me a4 poole a vtoostnek 


ol beilqqs to senes obo 10 otser oa — 
o 
eis snotteittey seed? .Beol asanisiv 49! ent 9607095 


a as sduy odd to pniniwraee bes iiacol re} bosudis _ 


ns ,siqinexe ne 6A .iisw sua edz to. jcomevon ensig-to “100 
_ at) 
i of 


to: glues 


arts siedw ,sulev besoeqae 642 19v0 miasIa- {este ni saeetoe 
suonsiw benistdo od bluow note sulev sane zt eulisy bedvegx > 


ni sesssoeb « es eetalencett weiisde qns io anciteine vo 


7 
ee) 


4 : - Seo I ss a | 20D on thaoqae” Lore - 


i 


= 


sid 09 beiiqas eew beol ons dordy of sennsm eft oF sot 


‘esta odt mori a3a3 nes ed oF besistensi ‘Bay seo ynmaton 
=o 


jads teeppee at _ nedt eidenceess af 31 eis ‘a@piv van 


nono oft yd beizsso bsol s oy 
1% nmilo> ort to digas L 


eit enole noisesol yee 38 879 


sig ines say te ga] 303 se 1? ens m0 


.e g ori pve... a 
beol ang made zepeste 10 04 ketips ae eas. bees ae od 2 
@ 60625 ei 


og1d ais oF TOTemA ngtsaool es 46 etes9n0> ant i oisoee 7 
ata % i? 39 daaks 


; 
od3 0 pnttinesestau ne ,seime7g aida no benad: ad —- 
4 5s bas _anotaudisseab beo! sis T3n02 oda mi pase i 


me, Cae OTs 


-dapome + aa BOS —— es swoivaded beets i 
Ct 
a79%an0d seratuning a8 $i a2 bsxowizenos” neod 
fi = 7 


a } 
: 


7 y a Ags 
mi avete eeisastesutle 
Ll Measham ris saeem: 
neone> seo 


160 


in Figures 6.7 and 6.8, except for points close to the upper 
end of the column. This is less true for column C205, 
plotted in Figures 6.15 and 6.9 for smooth curves and 
measured values, respectively. In fitting the curves in 
Figure 6.15, the data points at 1000 mm were disregarded due 
to the spurious nature of the points in the region which is 
influenced by end effects. 

The concrete load distributions given in Figure 6.16 
and 6.17 for the two longer eccentrically loaded columns 
closely resemble the corresponding measured curves in 
Figures 6.10 and 6.11, while Figure 6.18 is an ideal 
estimate of the data in Figure 6.12. As will be seen in the 
next section the characteristic shapes of these curves are 
indicative of the load transfer mechanisms that were 


effective. 


6.3.2.1 Concentrically Loaded Columns (C205,C605,C1205) 

Test C1205 exhibited the general behavioural 
characteristics of a column in which the predominant load 
transfer mechanism is micro-interlocking. Applying the 
proposed shear transfer function, the governing differential 
equation for slip, and the appropriate boundary conditions, 
the slip distributions for the specified range of loads were 
determined. As shown in Section 6.2.2.2, there is excellent 
correlation in magnitude and shape between those slip 
distributions and those determined experimentally, as shown 
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As given by Equation 6.16, the concrete load 
distributions can be determined by integrating the shear 
values corresponding to the slip values from the shear 
transfer function and given by the slip distributions, along 
the length of the column from the free surface of the 


concrete at the upper end of the column. 


peat= fovea (6.16) 

ue 

The concrete load distributions, for the applied loads of 

100, 300, and 490 kN, are shown as dashed lines for the 

predicted values and solid lines for the experimentally 

determined values in Figure 6.14. The two sets of curves are 

Similar in shape and magnitude. The differences are 

accountable as follows: 

1. For applied loads of 100 and 300 kN during the early 
stages of loading where the strains measured in the 
steel were small, the loads predicted to be carried by 
the steel tended to be less than the expected value, as 
previously discussed in Section 6.3.1. This leads to an 
over-estimation of the concrete load component for these 
applied loads as shown in Figure 6.14. This 
over-eStimation, expressed as the percentage of the 
total load carried by the concrete, decreases with an 
increase in the applied load. This coincides with the 
better steel load prediction as shown in Figure 6.5. 


2. The mathematical model for micro-interlocking is 
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restricted to determining the load transferred for a 
perfectly straight, concentrically loaded column which 
undergoes no deflections for the range of specified 
loads. For an applied load of 490 kN the two curves are 
essentially identical except for the maximum transferred 
load attained. At this load the column had deflected 
laterally 30 mm. The difference in the curve can be 
attributed in part to the inability of the model to 
account for the deflected shape of the column under 
load. 

Regardless of the inability of the model to predict 
precisely the quantity and the rate of load transferred, it 
indicates that micro-interlocking of the two materials 
exists and that given the appropriate conditions a 
substantial amount of load can be effectively transferred 
from one material to the other by this mechanism. 

The remaining tests in this series C205 and C605 have, 
for the range of applied loads, a combination of effective 
mechanisms transferring load from the steel to the concrete. 
This is illustrated, by examining the average concrete load 
as a function of applied load, in a region 76 mm long just 
below the connection plates. As shown in Figure 6.19, all 
three columns of this series exhibit the same behavioural 
characteristics in this region for applied loads less than 
500 kN. The difference in the maximum concrete load attained 
between test C205, and tests C605 and C1205 is believed to 


be the result of shrinkage. Column C205 was the only 
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specimen in which shrinkage cracks were noticed at the top 
end prior to testing. 

Figure 6.19 suggests that load was transferred by one 
mechanism for loads less than 500 kN and by a combination of 
mechanisms above this load. In this region of the column and 
for loads less than 500 kN, the dominant load transfer 
mechanism is micro-interlocking. The descending branch of 
this part of the curve coincides with increasing slip in the 
region, which ve consistent with the behaviour described by 
the shape of the shear transfer function. As shown by the 
dashed lines in this figure, the load transferred by the 
micro-interlocking mechanism is negligible in that region 
after an applied load of about 600 kN and a measured slip 
between 0.8 mm and 1.3 mm. For larger loads, for both tests 
C205 and C605, load is transferred to the concrete by the 
friction resulting from macro-interlocking of the two 
materials. This is shown in Figure 6.19 as exponential 
increase in concrete load, and in Figures 6.14 and 6.15 as a 
sharp increase in concrete load in the region just below the 
connection plates. For both tests C205 and C605 further load 
is introduced into the concrete along the length of the 
column via the micro-interlocking mechanism. In Figures 6.14 
and 6.15 for tests C605 and C205, the constant increase in 
concrete load, beyond the region in which macro-interlocking 
takes place and for load greater than SOORKN? 92 QbenSeunac 
there is a minimum load transferred by micro-interlocking 


regardless of the slip and has a value between 15 N and 25 N 
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per millimeter of length along the column. 


6.3.2.2 Eccentrically Loaded Columns (C206,C606,C1206) 

Up to an applied load of 150 kN the predominant load 
transfer mechanism for the columns of the test series is 
micro-interlocking. The characteristic shapes of the 
concrete load distribution curves for applied loads in this 
range, aS shown in Figures 6.16 through 6.18, are the same 
as those for the concentrically loaded column series. 
Columns C206 and C205 were tested when the concrete was 
fifty and fifty-five days old, respectively. The apparent 
shift of the concrete load distribution curve, such that 
load is being introduced into the concrete at some distance 
from the free surface and continuing translation of these 
curves away from that surface as the applied load increases, 
is believed to be the result of the concrete shrinking away 
from the walls of the tube as was the case for test C205. 
For test C206, this reduces the load transferred by this 
mechanism in the region affected by shrinkage of the 
concrete to a value of zero. 

The average concrete load in a 76 mm long region 
directly below the connection plate is plotted as a function 
of applied load for the eccentrically loaded columns. It 
should be noted that the applied load scale in Figure 6.20 
is twice that in Figure 6.19. Load transfer because of 
forced deformation through macro-interlocking-binding of the 
two materials becomes evident for applied loads greater than 


150 kN which corresponds to a curvature of approximately 10 
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microradians per millimeter. These values are based on a 
comparison of the rate of load transfer, the maximum 
concrete load -obtained-as~a-ratio~of applied load;,—and*™ the 
location along the length of the column in which that load 
was achieved, for concentrically loaded and eccentrically 
loaded columns. The load transfer by this mechanism is 
characterized by the concrete load curves for the region 
below the connection plates. As shown in Figure 6.20, there 
is no decrease in load carried by the concrete in this 
region, as was the case for the concentric series. Measured 
slips for these columns were less than their counterparts 
for the concentric series, with the greatest difference 
being an order of magnitude for column C1206. These values 
of slip reinforce the concept of forced deformation through 
binding. 

Again the exponential increase in concrete load for the 
region below the connection plate for columns C206 and C606 
indicates a pinching action of the tube on the concrete and 
an introduction of load into the concrete through friction. 
Although this action is less pronounced for test C606, it is 
well developed for test C206 and is defined as a sharp 
increase in concrete load in the region just below the 
connection plates as shown in Figure 6.17 and 6.18 
respectively. A summary of the effective load transfer 
mechanisms and associated load ranges is given for both test 


series in Table 6.1. 
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Table 6.1 Effective Load Transfer Mechanisms 


i 


Concentrically Applied Load, e = 0.0 mm 


a 


Load Ranges, KN 


Specimen 
Or s500 500 - failure 
ne ee ee eee 
C205 2 Ps AS 
C605 2 PR ign 
E1205 2 - 


Eccentrically Applied Load, e = 65.0 mm 


i 


Load Ranges, KN 


Specimen ce E 
G= 150 150—350 3502500 500-failure 
sa lg i a A ea ceeeeeaemanrs a A cet ee ei a Se a 
C206 2 DQ & 244 3, 4 
C606 2 25.48 2) aS. jee 7 
GaZ06 2 aes Se = 


i 


Notes: 1. The adhesion mechanism as a load transfer 
mechanism is of no practical significance 
since the adhesive forces are overcome 
at low values of relative displacement 
(w < 0.01 mm), Rehm (1961). 

2. Load Transfer Mechanism Identification Numbers 
1 - Adhesion 
2 - Micro-Interlock, surface irregularities 
3 - Friction, pinching or restrained 
buckling action 
Aw— Binding, curvature effect 
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Figure 6.4 Macro-Interlocking - Friction Load Transfer at 
Top of Column 
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7. ULTIMATE LOADS 


7.1 General 

Ultimate loads obtained from tests on steel and 
composite beam columns are compared with ultimate loads 
predicted by various codes and standards. The relative 
merits and deficiencies are discussed in light of the 
comparison. In all cases the data are presented in the form 
of interaction diagrams relating axial load and moment, and 
curves giving the maximum strength as a function of steel 
slenderness ratio when loaded concentrically or 
eccentrically. The predicted curves are based on the 
measured geometric and strength properties of the given 
section. 

In Section 7.2 the results of tests on steel columns, 
without concrete, are compared to the ultimate loads 
calculated in accordance with CSA Standard CAN3-S16.1-M78. 
Section 7.3 presents a comparison of the results from tests 
on the strain compatible columns with the values as given by 
the design method proposed for the CSA Standard 
CAN3-S16.1-M84, an alternate design method for the same 
Standard but not adopted, the design method proposed by the 
Structural Stability Research Council (SSRC)-Task Group 20, 
and European Convention for Constructional Steelwork (ECCS) 
recommendations. These methods have been developed on the 
basis of strain compatible conditions. The moment resistance 


of the composite section is briefly discussed in Section 
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7.3.5. A comparison between the results obtained in the 
strain compatible cases with the non-strain compatible cases 
is given in Section 7.4. A summary of the salient points is 


Givens neSecti One... 


7.2 Strength of Hollow Structural Steel Sections 

The maximum axial loads and corresponding moments for 
all the steel beam columns tested are plotted in Figure 7.1 
in the form of an interaction diagram. Also drawn in this 
figure are the CSA CAN3-S16.1-M78 interaction lines obtained 
from strength and stability Equations 13.8.1(a), 13.8.1(b) 
of that code for Class 2 sections, and Equations 13.8.3(a), 
13.8.3(b) for Class 3 sections, for slenderness ratios of 
20, 60s,.and,1.18.. For, Classe2: and Class 3. sectaons the 
solutions to the strength and stability equations were based 
on a plastic and an elastic moment resistance of the 
section, respectively. These interaction lines are shown as 
dashed lines for Class 2 sections and solid lines for Class 
3 sections in Figure 7.1. For uniaxial bending and without 


the resistance factor ¢, these equations become: 


for strength, 
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5 A eee GD) 


Euler buckling strength of the steel 
section 

Compressive force in a member under 
axial load 

Compressive resistance of a member as 
defined by Clause 13.3.1 (cold formed 
section) 

End moment of the beam column 

Moment resistance of a member as 
defined by Clause 13.5(a) for Class 
1 and Class 2 sections and Clause 
13%5(bDIS for Classaeh sections 

Coefficient used to determine equivalent 
uniform bending effect in beam 
COLlunnsS arom thisepantaculacecase 
w =1.0 


The test section, a 152.4 x 152.4 x 4.78 HSS, is 


normally a Class 2 section based on nominal dimensions and 


yield strength, with a b/t ratio of 27.88 which is slightly 


less than 28.06, the Class 2 limit of S25 A/F, . Based on the 


measured width, thickness and yield strength, however, the 


test section would be classified as a Class 3 section with a 


b/t ratio of 30.40 which exceeds the Class 2b lima te ot Ge 62. 


Although the section may be classed as 2 or 3 depending on 


the nominal or measured values of b/t and yield strength, 


the transition in behaviour from one Classuia cation: to 


another is not a stepwise function and some intermediate 


behaviour may be obtained. 


In general the test results lie above the interaction 


lines for the respective slenderness ratios. The results for 
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the two tests on beams (B21 and B25) give mean test to 

predicted ratio of 1.375 and 1.176, based on the section 

developing an elastic and plastic moment resistance, 
respectively. These values are attributed to the facts that: 

1. The stress strain characteristics for the section (see 
the steel stub column stress strain curve in Figure 4.4) 
shows that the section was able to obtain stress levels 
higher than the nominal yield stress determined by the 
0.2% offset before local buckling occurred. 

2. The walls of the section bulge slightly outward 
increasing both the values of the elastic and plastic 
section moduli and hence the moment resistance of the 
section. 

The same test data is presented in another form in 
Figure 7.2, along with curves relating the compressive 
strength to slenderness ratio for concentrically and 
eccentrically loaded columns. The curves are obtained from 
the expressions given in CSA CAN3-S16.1-M78 for strength and 
Stability, Equations 13.8.1(a), 13.8.1(b) for Class 2 
Sections, which are based on a plastic moment resistance, 
and Equations 13.8.3(a), 13.8.3(b) for Class 3 sections, 
which are based on an elastic moment resistance. The curve 
for an eccentricity of 65.0 mm represents the radial line in 
Figure 7.1 for which the moment tstequal tovoudes times the 
axial load. 

As the curves based on CSA CAN3-S16.1-M78 have been 


drawn based on the measured cross sectional and strength 
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properties, the comparisons here relate only to the accuracy 
of the code equations as given by the test load to predicted 
load ratios, and show that the predicted curves are about 9 
to 15 per cent conservative. It is understood that the 
column curves given in $16.1 were in fact derived, not for 
HSS, but for W shapes with particular out-of-straightness 
and residual stress patterns. It appears that the HSS 
columns tested gave strengths greater than the predicted 
values because the mean out-of-straightness value of 1/12600 
was considerably less than the 1/1000 assumed by Bjgrhovde 
(1972) in the development of these curves. This is borne out 
by: 
1. The differences are not significant for the columns 
loaded at an eccentricity of 65.0 mm. 
2. For concentrically loaded columns where the influence of 
initial out-of-straightness on the ultimate strength of 
a column is the greatest, the difference in test AKeysyok sexe) 
predicted load values is a maximum, as shown clearly on 
Figure 7.2, for a slenderness ratio of 60 and less when 
the slenderness ratio is smaller and greater than this 
value. 

A summary of test to predicted ratios for this test 
series is given in Table 7.1, with the means, standard 
deviations and coefficients of variation given in Table 7.6. 
The test to predicted ratios vary from 0.996 to 1.436 with a 
meanuvalue.ofel: 152 andpascoestucient,of yardataonpert 0.112 
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section. Based on the nominal classification of the section 
aomanClass 2, the test to predicted ratiosivary from .0.996 
to 1.228 with a mean value of 1.090 and a coefficient of 


Variratzron of 0.0685. 


7.3 Strength of Strain Compatible Concrete Filled Hollow 


Structural Sections 


7.3.1 CAN3-S16.1-M84 

The maximum axial loads and corresponding moments for 
all the composite beam columns tested are plotted in Figure 
7.3 in the form of ‘an interaction diagram. Square and 
octagonal symbols represent the ultimate loads obtained from 
the strain compatible and non-strain compatible tests, 
respectively. Also drawn in the figure are interaction bands 
as obtained from the proposed Clause 17.8 CSA 
CAN3-S16.1-M84, for columns with slenderness ratios based on 
the steel section alone of 20, 60, and 118. These bands 
represent the range of concrete strengths, as determined by 
Equation 4.4, for concrete ages of 27 to Sowdavys,, Lor che 
test period of the composite beam columns. Two sets of bands 
have been drawn. The lightly shaded and cross hatched bands 
represent an analysis based on an elastic, and a plastic 
moment resistance of the steel section, respectively. 

For concrete filled hollow structural rectangular 
sections subject to uniaxial bending and without the 


resistance factors ¢ and 4, the equations become: 
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for strength, 


Crm—-C* M 
f 58 f 
aS Ee 120 (7.4) 
is 1g 
where, C, = Steel squash load as defined by 


Equation 7.2 


for stability, 


; £ r £ 
when C, > Cl Sag aT one (5) 
r M ( SB of =) 
. C 
e 


q 
when Cc. < Ch ae Me (7.6) 


where, C. 


Compressive resistance of a member 
as defined by Clause 13.3.1 (cold 
formed HSS section) 

Compressive resistance of the concrete 
as defined in Clause 17.8.2 by 
Equation 7.7 


ct = 0.85A En? Wi + 0.25 one as a2 | (jena) 
18 CeCe SC Cc (a 


in which? 
Ae = Concrete area, mm?’ 


where, Cc. 


fo = Compressive strength of concrete at 28 days 


r 


Cc 


Non-dimensional slenderness ratio for 
the concrete core as defined by equation 
Tad 


A == [|— i. 8) 


where, 

Eas Elastic modulus of concrete considering 
the effects of long term loading. For 
normal weight concrete, with 
expressed in MPa, this may be taken as: 
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= (1 + S/T) 2500 es (9729) 


in which, 
S = Short term load on the column 
T = Long term load on the column 


K = Effective length factor, a value of 1.0 
for all pinned ended columns 

1 = Column length 

a= Radius of gyration of the concrete area, 


Ac 

For this analysis and for the comparison of test to 
predicted ultimate loads, the compressive strength, fe and 
the elastic modulus, Ee of the concrete were calculated from 
mathematical expressions, Equations 4.4 and 4.5, which were 
fitted to those values obtained experimentally. 

The same data is presented in another form in Figure 
7.4, along with the curves relating the compressive strength 
to steel slenderness ratio for concentrically and 
eccentrically loaded columns. The predicted curves are 
plotted as bands to reflect the change in strength of the 
concrete and the type of analysis as discussed previously. 


Also drawn is the Euler buckling strength of the composite 


column as given by: 


2 
= é Et! r eo0 
Coe (a.F, + 0 85a £1) jose ( ) 
where, A = Slenderness ratio for the composite column 


AM and is defined as follows 
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TIT, = Coefficients reflecting an increase 
Inestrengin otetnemsect yon duel to 
the development of a triaxial state 
of stress in the concrete. For 
rectangular HSS both coefficients 
have a value of 1.0. 

n = Coefficient reflecting the 
effects of long term loading, 
normally taken as 0.4. 

A summary of test to predicted values for this analysis 
and the strain compatible test series is given in Table 7.2, 
with means, standard deviations, and coefficients of 
variation given in Table 7.6. 

In Figure 7.3 it is found that the data for strain 
compatible tests (square symbols) fits the predicted curves 
closely, with the exception of beam test B22. This is 
clearly illustrated by the means and the coefficients of 
variation of the test to predicted ratios for column and 
beam column data for both analyses. Excluding test B22, the 
test to predicted ratios vary from 0.932 to 1.192 with mean 
values of 1.066 and 0.979, and coefficients of variation of 
0.0813 and 0.0765 for columns and beam columns, 
respectively, when the comparison is made on the basis of a 
Class 3 section. Considering a Class 2 classification, again 
excluding test B22, the test to predicted ratios vary from 
0.872 to 1.192 with mean values of 1.066 and 0.918, and 
coefficients of variation of 0.0813 and 0.0606 for column 
and beam columns, respectively. 

Considering that the composite beam column strength is 


the sum of the individual strengths of the steel tube and 


the concrete core, it becomes apparent that the same 
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variations would occur in predicting the steel load 

contribution as described in Section 7.2. It should be noted 

that the contribution of the concrete to the column strength 
is based on the tangent modulus theory and that no account 
has been made to reduce the strength for initial 
out-of-straightness. The analysis does, however, make a good 
prediction for strain compatible composite beam columns. 

For analyses based on an elastic and plastic moment 
resistance of the steel section, the test to predicted 
ratios for test B22 are 1.759 and 1.505 respectively. These 
values indicate that the estimate of moment resistance for 
the composite section based on the steel section alone is 
very conservative. It also suggests that: 

1. The concrete stabilizes the steel walls and prevents 
local buckling. This is consistent with the fact that a 
significant plastification of the steel had occurred 
prior to an outward buckling of the upper flange. 
Compressive steel strains in excess Of 78.00 Omxt gl Oye ito 
10000 x 10-* were measured prior to local buckling. For 
this section, the test results should be compared with 
the analysis based on the plastic section modulus of the 
steel i.e. - the section should be classified as a Class 
jeor a Class 23section:. 

2. The concrete makes a considerable contribution to the 


moment resistance of the section. 
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7.3.2 CAN3-S16.1-M84 (Alternate Proposal, Not Adopted) 

The test data for composite beam columns has been 
plotted in Figure 7.5 in the form of a load-moment 
interaction diagrams and in Figure 7.6 in the form of column 
curves relating the axial load to slenderness ratio based on 
the steel section alone, for concentrically and 
eccentrically loaded columns. As previously discussed, the 
square and octagonal symbols represent the ultimate loads 
obtained from strain compatible and non-strain compatible 
tests, respectively. The bands show the range of beam column 
strength corresponding to concrete age between 27 and 55 
days, and the lightly shaded and cross hatched bands denote 
whether the analysis was based on the moment resistance of 
the section being elastic or plastic. The interaction 
diagrams, column curves and Euler curve for the test section 
composite column have been drawn on the appropriate figure. 

These curves have been formulated using the alternate 
S16.1-1984 proposal which was not adopted. For uniaxial 
bending and without the resistance factors ¢ and ¢, the 


equations for rectangular HSS become: 


for strength, 


c.\? M 
) etna (7.12) 


C M 
To cr 
where, Cae Squash load for a composite column 
Cc =A F_ + 0.85A f' CS 
ro Samy) Cyc 
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C wo M 02354 f20C C 
mb Sa id isa a Ea | fp, a 
€ ) + ; re z ( : )s 1.0 (Trl ay 
re M ( a xf s y ro 22 
re C 
ie 
where, C,,= Buler buckling strength of a composite 
column, as defined by Equation 7.10 
Crcna Compressive resistance of the composite 


section and is to be taken as a value 

equal to C, given in Clause WEL <1, | 

or Clause 13eo-2) according, to thegtype 
and Class of HSS with AFy replaced by 


TASES ae 8) Mets He Sy 
and A replaced by comp 
as described by Equation 7.11. 
M. = Pure bending moment resistance of the 
composite section, neglecting any area 


of concrete in tension and is given by 
the following equation. 


0.5(b - 2t)°A tF 


—_— palsies ee eens SC NE 7: e 
ays K Dee A, +4C(b =) 2t) 16 Pie, 
in which, a= Be / 0.85£ (7a 6) 


A summary of test to predicted ratios for this analysis 


and the strain compatible test series is given un, TabLesia3, 


with means, standard deviations, and coefficients of 
variation given in Table 7.6. 


As shown in Figures 7.5 and 7.6 the test values for 


concentrically loaded columns generally lie above the range 


of predicted values. Test to predicted ratios vary from 


0.971 to 1.158, with a mean value of 1.052 and a coefficient 


of variation of 0.064. As discussed TM SeCULON I? .2acne 


difference between the test and predicted values for this 


column curve may be attributed to the facts Ghats 
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1. The column curves are derived for W shapes, not concrete 
filled HSS, and 

2. The initial out-of-straightness of these columns is 
considerably less than that used in the derivation of 
this curve. 

For eccentrically loaded columns the test to predicted 
ratios vary from 0.883 to 1.053, with a mean of 0.940 and a 
coefficient of variation of 0.104 when the comparison is 
made on the basis of a Class 3 section. Based on a Class 2 
classification, the test to predicted values vary from 0.824 
to 0.960 with a mean of 0.877 and a coefficient of variation 
Of ONO S32. 

Although the parabolic interaction equation is 6 to 12 
per cent unconservative in predicting the beam column loads, 
it approximates the moment resistance of the composite 
section more closely. Test to predicted ratios for test B22 
are 1.531 and 1.334 based on an elastic and plastic moment 
resistance, respectively. The contribution of the concrete 
to the moment resistance of the composite section clearly is 
not understood. Although this method accounts for some 
concrete contribution, as shown in Figure 7.5 and Equation 
7.15, it grossly under estimates the magnitude of that 
contribution. With the exception of the beam test, 
CAN3-S16.1-1984 gives a slightly more conservative answer 


with less variation. 
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7.3.3 Structural Stability Research Council, SSRC - Task 
Group 20 

The test data for composite beam columns is presented 
in Figure 7.7 in the form of a load-moment interaction 
diagram and in Figure 7.8 as column curves relating the 
axial load to the slenderness ratio based on the steel 
alone, for concentrically and eccentrically loaded columns. 
The square and octagonal symbols represent the ultimate 
loads obtained from strain compatible and non-strain 
compatible tests, respectively. The bands show the range of 
beam column strengths corresponding to concrete ages between 
27 and 55 days, and the lightly shaded and cross hatched 
bands denote whether the analysis was done based on the 
moment resistance of the section being the elastic or 
plastic section modulus of the HSS. The interaction 
diagrams, column curves and Euler curve for the test section 
composite column have been drawn on the appropriate figure. 

These curves have been formulated using the proposal 
for composite columns as reported by SSRC - Task Group 20 
(1979). As discussed previously in section 2.4, the SSRC - 
Task Group 20 proposal is based on the AISC equations for 
strength and stability with modified values of yield 
stength, modulus of elasticity, radius of gyration and 
section modulus to account for the composite section. 
Expressing these equations in terms of load, instead of 
allowable stresses and without safety factors, and using the 


notation of CSA Standard $16.1 for resistances, these 
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equations take on the form: 
for strength, 


Ce\? M 
(oak ee iL 0) (i aiare) 
r r 


CANES, (Ea Squash load of the column 
by given by Equation 7.18 


C =AF (70 
G s my 
where, San Modified value of yield stress 
for a composite column 
A 
Fo=F + 0.85f' — (7.19) 
my y c AL 
foumstabitity; 
c.\2 M 
(=) pant ade alas (7.20) 
c M Re AL 
r 
ec 
where; \Coms Elastic buckling strength for a 
composite column 
mTEA 
— (7249 
ec =) 
28 
zee 
Co = Compressive resistance of the member and 
is given by the Johnson parabola 
(1976) 
rah 
a: (7422) 
ee : - 2 
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jai 
when = >C Ce aac 23) 
ig S G (=Ke 
past 
Where) aC ma Slenderness ratio corresponding to an 
Euler stress re 
on E 
me m (7.24) 
c F 
my 
Ene Modified modulus of elasticity for a 
composite column 
ao 
E =E +0.4E <= AF325)) 
m s cua 
Ss 
ae Modified radius of gyration for a 
composite column 
= Modified section modulus for a composite 


column 
It should be noted that for rectangular HSS the 
values of S_ and r, are those of the steel section. 

A summary of test to predicted ratios for this analysis 
and the strain compatible test series is given in Table 7.4, 
with the means, standard deviations and coefficients of 
variation listed in Table 7.6. 

Although the results fit the prediction within 
satisfactory limits, this method tends to deviate from a 
physical interpretation by using modified geometric and 
material properties and hence this leads the designer 
further from a true understanding of the problem. 
Application of the Johnson parabola with an assumed maximum 
residual compressive stress of 0.5 Emy Equationayg22),ers an 


over simplified approach and in the case of composite 
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columns is incorrect. This assumption leads to 
unconservative predictions for columns with inelastic 
behaviour and with slenderness ratios greater than C, as 
shown in both Figures 7.7 and 7.8. 

In general the strain compatible test results, with the 
exception of B22, are modelled fairly closely using the 
elastic solution and parabolic interaction curve. The test 
to predicted ratios vary from 0.920 to 1.197, with a mean of 
0.984 for axially loaded columns and 1.038 for eccentrically 
loaded columns. The corresponding coefficients of variation 
are 0.0569 and 0.138, respectively. For the plastic 
analysis, the test to predicted Vatwosmeva tive OM Coulee 
1.072 with a mean of 0.983 for axially loaded columns and 
0.951 for eccentrically loaded columns, with corresponding 
coefficients of variation of 0.0569 and 0.112, respectively. 
As in the CAN3-S16.1-M84 analysis, the pure moment 
resistance of the composite section is based on the steel 
alone and yields the same test to predicted ratios for test 


B22. 


7.3.4 ECCS Recommendations 

The test data for composite beam columns is presented 
in Figure 7.9 in the form of load-moment interaction 
diagrams and in Figure 7.10 as column curves relating the 
axial load to slenderness ratio based on the steel alone, 
for concentrically and eccentrically loaded columns. The 


square and octagonal symbols represent the strain compatible 
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and non-strain compatible tests respectively. The bands in 
this case show the range of beam column strength 
corresponding to concrete age between 27 and 55 days for an 
analysis based on a composite plastic moment resistance. 
These curves have been formulated using ECCS 
Recommendations as given by the Technical General 
Secretariat of the ECCS (1981) in their publication 
Composite Structures. The interaction equation for 


rectangular HSS used in Figure 7.9 is of the form: 
Nie 
wont 11.04 = Rp gE) 7 1269 


where, e = Given eccentricity 
K, = Non-dimensional coefficient which 
describes the shape of Column Curve 
CA eaSmomrCUnctL ONO lm cOLUnn 
slenderness. The values are interpolated 
from the given table 
K, = Non-dimensional Coefficient determined 
by Basu and Sommerville (1969) which defines 
the maximum axial load corresponding to an 
applied moment equal to the plastic moment 
capacity of the composite section, as a 
function of column slenderness. The 
expression for Kz is given by 
Equation 7.27. 
Compressive force in the member 
Squash load as defined by EqQuati One? 3.1 
Ultimate resistance of the section 


=z 22 
= 
nou ow 


Basu and Sommerville's non-dimensional coefficient, Kz 
is a function of steel section type, column slenderness, the 
applied end moments and the material and geometric 
properties of the composite section. The coefficient is 


given by an equation of the form: 
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Sy Syl = PO GER sat) = 7 x]/30(2-5 - 8)} CERPD 


with limits given as O< 


Peo ci=o) 


where, 


2 
yey ee ae oes Wore (7.28) 


a = Concrete contribution parameter 


a= Of83h£8 ALLAN W220) 
(Aol Te u 
B = The ratio of the smaller to the larger of 
end moments, 1.0. 
7 = 100 for columns designed to curve ‘a’. 


For this composite section, however, a 
comparison between Basu and Sommerville and the 
ECCS Recommendations yields a value of 7=83. 


After simplification Equation 7.27 becomes: 


K [ (45 - 25a - 832) / 45] (730) 


2 * ¥o¢120) 


The squash load of the composite section is given by an 


equation of the form: 
N =Af + 0.83 Af (gst) 
s sy Cuct 
where, fsy= Yield strength of the steel section 
foy= Compressive strength of concrete 
The maximum moment on the section for any given axial load 
is given as the ultimate moment resistance of the section 


which is defined as follows: 


M =N_e (Fase) 
u uS u 
where, e, = Ultimate eccentricity of the composite 


section which corresponds to the distance 
from the elastic to the plastic neutral 
axis 
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1 2 (A, - 2b,t)” 
ty Oe Ah + 2bot aol eee via Cra she) 
Nyg= Squash load for the steel given as, 
Nae ART (7.34) 
us Ss sy 


in which, 
b = Inside dimension of the tube 
parallel with the axis of bending 
bie= Outside dimension of the tube 
parallel with the axis of bending 
h = Inside dimension perpendicular to 
the axis of bending 


if 
0.48 x 0.83 = 

sy 
Wall thickness 


oO 
" 


The equivalent slenderness ratio A is given as: 


a a (sb) 
Cr 
where, EN t= Squash load given by Equation 7.31 
Nene Euler critical load given by the following 
equation 
n 
N= =(E I +£E1) (7.36) 
cr ce ce c s s 
ue 
k 
in which, 
hy = Effective Concrete Elastic Modulus given 
as: 
Ee =0.S28x 00002 (Wee) 
ce cu 


hess Effective column length 


Except in the case of very slender columns with large values 
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of the concrete distribution parameter, a, a reduction in 
the concrete modulus to account for the effects of the time 
dependent strains of concrete is not required for concrete 
filled hollow structural sections. For this analysis and for 
the comparison of the test to predicted ultimate loads, the 
compressive strength f, and the elastic modulus E, of the 
concrete were calculated from mathematical expressions, 
Equations 4.4 and 4.5 which were fitted to those values 
obtained experimentally. A summary of test to predicted 
ratios for this analysis and the strain compatible test 
series is given in Table 7.5, with means, standard 
deviations and coefficients of variation listed in Table 
TPO 

As shown in Figures 7.9 and 7.10, the test values for 
concentrically loaded columns lie close or within the 
predicted range. The test to predicted ratios vary from 
0.957 to 1.060, with a mean value of 1.015 and a coefficient 
of variation of 0.0393. The closeness of fit is attributed 
to the fact that the ECCS uses multiple column curves and 
the selection of the appropriate curve depends on the steel 
section type. The column curve used here represents a family 
of sections which exhibit the same behaviour as the HSS. In 
the development of the ECCS multiple -columnrcurveswthe 
initial out-of-straightness was taken as 17 T000FParcen Beer 
and Schultz (1970). For columns with smaller initial 
out-of-straightnesses, this assumption leads to a maximum 


deviatwon*ofitest to®predictredavalues™ifor columns of an 
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intermediate slenderness ratio, as discussed in section 7.2 
and as shown in Figure 7.10. 

The ECCS Recommendations recognizes that the concrete 
Stabilizes slender steel elements such that the steel 
section is capable of achieving its full plastic capacity. 
The relative contribution attributed to the concrete to the 
moment resistance of the composite section is still quite 
small. This leads to a conservative prediction of the 
ultimate moment capacity. The test to predicted ratsogok 
rest B22easele37/* 

The ECCS Recommendations have adopted Basu and 
Sommerville's (1969) work for the design of rectangular 
composite columns subject to uniaxial bending. Their 
solution excludes the moment amplification factor which 
reflects a decrease in strength due to secondary moments, 
i.e. P-A effects. This effect is accentuated as the 
slenderness ratio of a column increases, as shown in Figure 
7.9, and leads to unconservative results for the columns 
tested at an eccentricity of 65.0 mm. The test to predicted 
values for these columns vary from 0 gaahe to. wt 058,awath a 


mean of 0.913 and a coefficient ofmvarzatLroneofad aor: 


7.3.5 Ultimate Moment Resistance of the Composite Section 

Of the four methods presented here, two base the 
analysis for the ultimate moment resistance of the composite 
Section on the elastic moment capacity of the steel alone, 


and the other two base the analysis on the plastic moment 
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capacity of the steel with a minor contribution for the 
concrete acting in compression and lying above the plastic 
neutral axis. All of these methods conservatively predict 
the moment resistance of the composite section and give test 
to predicted ratios for test B22 varying from 1.334 to 
1.759. Based on an ACI solution and a maximum compressive 
Stress in the concrete of 0.9 £' the test to predicted 
ratio for test B22 was 1.383. Because of this conservative 
prediction of the ultimate moment capacity of this section 
Some researchers have suggested that parabolic interaction 
equations fit the data more closely. However, Viethescorrec: 
ultimate moment capacity of the composite section is 
predicted, then a straight line interaction curve with an 
amplification factor which reflects the decrease in strength 
due to P-A effects and the reduced flexural stiffness due to 
cracking of ‘the concrete core, would be a more appropriate 
formulation. Based on the behaviour of the beam under load 
and measurements made the increased moment capacity of the 
composite section should be accounted for. 

Recognizing that plane sections remain plane and 
knowing that strain compatibility was enforced at both ends 
of the beam, suggests that the concrete would have the same 
strain gradient as the steel Section .strains Ore ine 
magnitude of 8000 x 10°* to 10000 x 10-* were measured on 
the compression face of the tube prior to failure. Richart, 
et al. (1929) have determined that concrete Subject to 


compressive stresses greater than 2000 microstrains 
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undergoes a rapid volumetric expansion. The rectangular 
hollow structural section restrains this expansion, 
enhancing the composite action between the two materials and 
developing a state of triaxial stress. Development of Ehws 
stress state in the concrete would in fact account for the 
ultimate moment values for both the strain and non-strain 
compatible beam tests being close to the same value. Part of 
the increase in moment capacity of the composite section 
tested over that given by various design methods is due to 
the increased compressive resistance of the concrete under a 
Stare oObetriaxlallg@stressr 

The remaining increase in moment capacity is attributed 
to the fact that, the steel was able to obtain a plastic 
Stress distribution without local buckling occurring, with 
the maximum stress corresponding to the ultimate strength as 
opposed to the yield strength of the section. 

Based on the cross section, measured values of ultimate 
strength from coupon tests, an increased compressive 
resistance of the concrete of 1.7 f. , and a plastic stress 
distribution, the moment capacity of the section was 
calculated to be 78.0 kNm. The test to predicted ratio of 


the ultimate moment capacity for test B22 is 1.064. 


7.4 Non-Strain Compatible Versus Strain Compatible Beam 


Columns 
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7.4.1 Comparison of General Behaviour 

The load-deflection curves for all composite column 
tests with concentrically and eccentrically applied loads 
are shown in Figures 5.6 and 5.7 respectively. Apart from 
the ultimate loads obtained, the general load-deflection 
behaviour of the non-strain compatible columns is comparable 
to the corresponding strain compatible columns. There is no 
relative difference in the flexural stiffness between the 
two types. 

Concentrically loaded columns with slenderness ratios 
of 60 and 118, and all eccentrically loaded columns failed 
identically, by overall buckling. As discussed in Section 
5.2.2, test specimen C205, a non-strain commpatible, 
concentrically loaded 1200 mm long column, failed by an 
outward local buckling of all four tube walls accompanied by 
slip of the steel tube relative to the concrete core, where 
the strain compatible counterpart, test specimen C203 failed 
by both outward local buckling of the tube and crushing of 
the concrete. For test specimen C205, the reduced load 
carrying capacity, the failure mode and the relatively small 
loads in the concrete at failure can in part be attributed 
to the fact that shrinkage had occurred in the concrete 
core. Shrinkage cracks were noticed along the concrete steel 
interface at the top and prior to testing at a concrete age 
of 55 days. Such cracks were not observed in any other 


specimen. 
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7.4.2 Comparison of Ultimate Loads 

In general the ultimate loads obtained by a non-strain 
compatible column is a direct function of the effectiveness 
of load transfer from the steel to the concrete core by one 
or more of the load transfer mechanisms as described in 
Chapter 06. Naturally, “for'strain compatible columns, load 
transfer is not a question. Figure 7.11 shows the ratio of 
ultimate load capacity of the non-strain compatible to the 
strain compatible composite beam columns. 

From the limited data a relationship exists among the 
ratio of the ultimate loads of these two types, the 
slenderness ratio of the column and the eccentricity of the 
applied load. The difference between the ultimate loads of 
the two types decreases with an increase in the slenderness 
of the column and/or an increase in the eccentzicity rofethe 
applied load. This family of curves can be simplified with 
an approximate empirical relationship formulated as follows, 


shown by dashed lines in Figure 7.11. 


R = (0.7 + 0.004 —)(1 + 0.17 =) (738) 


Kl 
ie b 


for values of e/b < 2.5 and Kine oe5 


where, b = outside dimension of a rectangular HSS in 
the plane of the eccentric load 
e = Eccentricity of the applied load in mm 
Kl/r = Slenderness ratio of the column based on the 
steel section 
R = Ratio of the ultimate load carrying capacity 


of non-strain compatible to strain 
compatible composite beam columns 


This equation suggests that ultimate load carrying capacity 
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of non-strain compatible beam columns with applied loads at 
an eccentricity greater than 2.5b and/or a slenderness ratio 
greater than 75 can be predicted by various standards, 
without any reduction in strength. For columns within the 
range specified, the strength obtained from these standards 
should be multiplied by the value R, as obtained from 
Equation 7.37. The ratio of the ultimate moment capacities 


for the corresponding beam tests B24 and B22 is 0.964. 


7.5 Summary 

In tests conducted to establish the strength of 
concrete filled H$S beam columns of varying slenderness 
ratios, strain compatibility of the steel and the concrete 
at the ends of the column has been ensured by applying load 
to both materials as discussed in the survey of experimental 
work by Budijanto (1983). Current and proposed codes also 
require that this is the case by recommending that the 
designer provide some shear transfer mechanism in order to 
load both materials simultaneously. 

An examination of the ultimate load carrying capacities 
predicted by the current or proposed design methods 
presented in this chapter, with respect to the ultimate 
loads obtained from the strain compatible test series shows 
that: 

1. With reasonable accuracy all these methods are able to 
predict the ultimate load capacity of composite beam 


columns, with the exception of the ultimate moment 
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Capacity. 
2. All methods under-estimate the concrete contribution to 
the ultimate moment capacity of the composite section. 
3. Few tests have been done on composite beam columns in 
the region approaching and including pure flexural 
behaviour. 

The ultimate moment capacity of these composite 
sections can be predicted closely when the ultimate strength 
of the steel section, an increased compressive resistance of 
the concrete to account for the development of triaxial 
stresses, and a plastic stress distribution are used in the 
solution. 

A direct comparison of the ultimate loads between the 
strain compatible and non-strain compatible composite beam 
columns indicates that for the practical range of 
slenderness ratios from 30 to 90, the reduction in load 
carrying capacity varies from 0 percent to a maximum of 18 
per cent for concentrically loaded columns and less for 


eccentrically loaded columns. 
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Table 7.6 Test to Predicted Ratio Statistics 


COLUMNS 
TYPE n x o V 
STEEL ? 5 7.088 0.0831 0.0768 
COMPOSITE! 5 1.066 0.0866 0.0813 
(CAN3-S16.1-M84) 
COMPOSITE? 5 1.066 0.0866 0.0813 
(CAN3-S16.1-M84) 
COMPOSITE’! 5 1052 0.0675 0.0641 
(CAN3-S16. 1-M84°) 
COMPOSITE? 5 1.052 0.0675 0.0641 
(CAN3-S16. 1-M84°) 
ECCS' 5 1.015 0.0399 0.0393 
SSRC-TASK GROUP 20! 5 0.983 0.0559 0.0569 
SSRC-TASK GROUP 20? ba 0.983 0.0559 0.0569 
BEAM COLUMNS 
TYPE n X o Vv 
STEEL ' 4 Tec t32 0.0529 0.0467 
STEEL? 4 1.058 0.0341 0.0322 
COMPOSITE! 3 0.979 0.0749 0.0765 
(CAN3-S16.1-M84) 
COMPOSITE? 3 .918 0.0556 0.0606 
(CAN3-S16. 1-M84) 
COMPOSITE’! 3 0.940 0.0978 0.104 
(CAN3-S16.1-M84°) 
COMPOSITE? 3 0.877 0.0729 0.0832 
(CAN3-S16.1-M84?) 
ECCS' 3 (epee) Fie On 1144 Oa 157. 
SSRC-TASK GROUP 20' 3 11088 0.143 0.138 
SSRC-TASK GROUP 20? 3 0.983 0.0559 0.0569 
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Table 7.6 continued 


BEAMS 

TYPE n x 0 V 

STEEL ' 2 ib SS 0.0852 0.0620 

STEEL? 2 pan yas Os0u728 0.0619 

COMPOSITE’! 1 1.759 - - 
(CAN3-S16.1-M84) 

COMPOSITE? 1 1.504 - - 
(CAN3-S16.1-M84) 

COMPOSITE' 1 12531 ~ - 
(CAN3-S16.1-M84?) 

COMPOSITE? 1 jes 32 - ~ 
(CAN3-S16. 1-M84?) 

ECCS' 1 Teo wae. - ~ 

SSRC-TASK GROUP 20' 1 1.759 - - 

SSRC-TASK GROUP 20? 1 1.504 - - 


BEAMS AND BEAM COLUMNS 


TYPE n Xx oO V 
STEEL ' 11 pear 0130 Oe ake 
STEEL? 11 1.090 0.0746 0.0685 
COMPOSITE' 9 Vole’ 0.256 0.230 
(CAN3-S16.1-M84) 

COMPOSITE? 9 1.065 OM 192 0.180 
(CAN3-S16.1-M84) 

COMPOSITE! fs) 1.068 0.194 0.182 
(CAN3-S16. 1-M84?) 

COMPOSITE? 9 14,025 0.156 O-siS2 
(CAN3-S16.1-M84?) 

ECCS' 9 TNO22 0.162 0.158 

SSRC-TASK GROUP 20' 9 1.089 0.266 02225 

SSRC-TASK GROUP 20? 9 shee veya) 0.190 0.185 


NOTES: 1. The solution is based on the elastic moment 
resistance of the steel or composite section. 
2. The solution is based on the plastic moment 
resistance of the steel or composite section. 
3. Alternate method not adopted. 
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Figure 7.1 Axial Load-Moment Interaction Diagram for Steel 
Columns, CAN3-S16.1-M78 
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Figure /.2 Column Curves. tore Steel Columns O CANS=S5 16. 1—-M/& 


priinavG otteplS 
wo * 


: 


LEGEND 


Solution Based on an 
Elastic Moment Resistance 


Solution Based ona 
Plastic Moment Resistance 


FACTORED LOAD (Cy), KN 


Kl/r =59.9 


bci205 C604 * 


Cl203 C606 
ve 


Ki/r =117.6 


B23 
ai \ B24 B22 


lay vas 


fe) 20 40 60 80 
FACTORED MOMENT (Me) »KN-m 


Figure 7.3 Axial Load-Moment Interaction Diagram for 
Composite Columns, CAN3-S16.1-M84 
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Figure 7.4 Column Curves for Composite Columns, 
CAN3-S16.1-M84 
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Composite Columns, CAN3-S16.1-M84 (Alternate 
Proposal, Not Adopted) 
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Figure 7.6 Column Curves for Composite Columns, 
CAN3-S16.1-M84 (Alternate Proposal, Not Adopted) 
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Figure 7.7 Axial Load-Moment Interaction Diagram for 
Composite Columns, SSRC Method 
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Figure 7.8 Column Curves for Composite Columns, SSRC Method 


Note: Solution Based on a 
Plastic Moment Resistance 
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Figure 7.9 Axial Load-Moment Interaction Diagram for 
Composite Columns, ECCS Recommendations 
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8. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 


8.1 Summary 
An experimental and analytical program was undertaken 
to determine: 

1. The change in behaviour and ultimate load carrying 
Capacity of concrete filled HSS beam columns when strain 
compatibility was not ensured at the point on the beam 
column where the load was introduced. 

2. The load transfer mechanisms between the steel shell and 
the concrete core for the non-strain compatible cases. 

The ultimate load carrying capacity and the behaviour 
of the beam columns was established by nineteen tests of 
pinned-ended columns on HSS 152 x 152 x 4.78, with 
slenderness ratios of 20, 60, and 118 as determined by the 
radius of gyration of the steel section alone. The tests 
were conducted on bare steel tubes and concrete filled 
tubes, with and without strain compatibility at the upper 

end. The load was either applied concentrically or with a 

constant eccentricity of 65 mm (0.43b). The ultimate moment 

capacity of the section was determined by six beam tests on 

HSS members, which were empty or concrete filled, with and 

without strain compatibility. Material properties and 

behaviour were established from a series of ancillary tests 
which included stub column tests on steel and concrete 
filled strain compatible tubes, residual stress 


measurements, tension coupons, concrete cylinders and 
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concrete prisms. 

Analysis of the load sharing characteristics involved 
the establishment of the load carried by the steel along the 
length of the column at any particular applied load level 
from strain measurements and material properties. The 
concrete load was then calculated by subtracting the steel 
load from the applied load and the load distributions for 
both materials were drawn. The analysis was calibrated 
against the test results obtained from the steel beam column 
tests. From the concrete load distributions for the 
non-strain compatible beam column test series, four load 
transfer mechanisms have been identified. In brief these are 
as follows: 

1. Adhesion due to chemical reactions and/or suction forces 
resulting from capillary action during the hydration 
process. 

2. Micro-interlocking of surface irregularities of the 
steel shell and the cement paste in contact with it. 

3. Friction due to the pinching of the concrete core by the 
steel shell due to localized deformations resulting from 
the eccentricity of the applied loads on the connection 
and/or the buckling restraint provided by the concrete. 

4, Binding or curvature effect which results from imposing 
deformations on two materials of different flexural 
stiffnesses and/or from a volumetric increase of the 
concrete core caused by micro-cracking which is due to 


excessive compressive strains. 
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A mathematical model, governing equation and solution are 
presented for the load transfer mechanism referred to as 
micro-interlocking. 

The ultimate loads obtained from the steel and the 
strain compatible composite beam column tests are compared 
with those predicted by various codes and standards. For 
steel beam columns the comparison was made with 
CAN3-S16.1-M78 and for composite beam columns with: 

1. CAN3-S16.1-M84 

2. CAN3-S16.1-M84 (Alternate proposal, not adopted) 

3. SSRCsTaskeGroupe20 

4, ECCS Recommendations 

It should be noted that the comparison of the beam column 
strengths, is strictly speaking, only valid for the strain 
compatible test series since all the design recommendations 
have been developed assuming that strain compatible 
conditions are imposed at the load points. The relative 
merits and deficiencies of these methods are discussed in 
light of the comparison. Based on experimental observation, 
a plausible formulation is presented for the determination 
of the ultimate moment capacity of concrete filled HSS. 

The behaviour and ultimate loads for the non-strain 
compatible test series are compared with corresponding tests 
from the strain compatible test series. Based on the limited 
data from this test series an expression has been derived to 
express the reduced ultimate load Capacity of an non-strain 


compatible column compared to a strain compatible column as 
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a function of the steel slenderness ratio and the 


eccentricity of applied load. 


8.2 Conclusions and Recommendations 


ihe 


To determine an accurate value for the modulus of 
elasticity of a steel from a stress-strain curve where 
the yield point is not well defined, it is recommended 
that a moving average technique be used in conjunction 
with a least squares fit. 

The cold forming process reorientates the metal crystals 
in the corners of a rectangular HSS shape. This 
preferred orientation increases the value of the modulus 
of elasticity and makes the material in this part of the 
section considerably less ductile than the surrounding 
material in the flats. The yield strength gain is 
attributed to another effect of cold working and that is 
the strain hardening phenomena. 

Compressive longitudinal residual stresses of up to 
thirty percent of the yield strength were found in the 
corners of the HSS. In general the residual stresses for 
the remaining sections were small and/or tensile with a 
maximum tensile residual stress of 16 percent of the 
yield strength occurring adjacent to the weld. The yield 
points are not well defined on the stress-strain curves 
for the flat, corner and weld sections. This is 
attributed to the large variation of longitudinal 


residual stresses through the thickness of the section 
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which ranged from 30 to 90 percent of the yield stress 

found in these sections. 

Analysis of the composite stub columns tested indicates 

that: 

a. the squash load of the composite section is equal to 
the sum of the squash loads for the steel and 
concrete sections, 

b. there is no confinement action on the concrete core 
by the steel tube, 

c. the concrete restrains the steel tube from local 
buckling. 

Although the classification of steel sections is 

discrete in design standards, the transition in 

behaviour between two classes is not. From the tests 
performed, it is recommended that concrete filled Class 

3 HSS be classified as a Class 1 or 2 section because of 

the stabilizing effect the concrete has in preventing 

local buckling of the steel tube. 

An analysis of column end fixity, based on the steel 

column data and an assumed deflected shape of a half 

Sine wave, shows that the knife edge fixtures behaved as 

pinned ends. 

The mean value for the out-of-straightness of these 

members was found to be 1/12600, which is much less than 

the specified tolerance limit of 1/500. 

The load deflection curves for all beam column tests 


exhibited normal characteristics. Apart from the 
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ultimate loads obtained, the general load deflection 
behaviour of the non-strain compatible beam columns is 
comparable to the corresponding strain compatible beam 
columns. There was no difference in the flexural 
stiffness between these two types. 

The mean and coefficient of variation of the ratio of 
predicted to applied load for the load carried by the 
steel based on steel column tests, measured strains, and 
material properties was 0.974 and 0.035 respectively, 
for calculations based on the stub column data and 0.953 
and 0.036 respectively, for calculations based on the 
tension coupon data coupled with residual stress 
patterns. 

The ultimate loads reached in tests of non-strain 
compatible columns were a direct function of the 
effectiveness of the load transfer from the steel to the 
concrete core by one or more of the load transfer 
mechanisms. 

Adhesion is an elastic brittle load transfer mechanism. 
This is an effective mechanism only when the relative 
slip between the two materials is negligible and/or 
shrinkage has not occurred and generally cannot be taken 
into consideration. 

The load transfer mechanism referred to as 
micro-interlocking allowed a significant amount of load 
to be transferred along the length of the column but was 


only effective in regions of low slip. The concrete load 
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distribution as determined from the solution of the 
governing differential equation derived herein and an 
assumed shear transfer function showed excellent 
agreement with that of column C1205, which was subject 
to conditions where this was the only effective load 
transfer mechanism. 

The friction type, macro-interlocking load transfer 
mechanism was independent of the relative slip between 
the two materials, is governed by localized effects and 
is the most prominent and dominant of all load transfer 
mechanisms. 

The binding type macro-interlocking load transfer 
mechanism occurred in beam columns subject to an 
eccentrically applied load and with curvature greater 
than ten microradians. Characteristically, relatively 
little slip occurred when this mechanism came into play. 
All design methods investigated here were able to 
predict the ultimate load capacity of strain compatible 
beam columns with reasonable accuracy, but not the 
ultimate capacity of beams or of those beam columns 
approaching pure flexural behaviour. No conclusive 
Statements can be made as to which method is best due to 
the limited data used in the comparison. 

From the design methods examined the range of test to 
predicted ratios of ultimate moment Capacity ouscne 
composite section was 1.33 to 1.76. It is suggested that 


the augmented strength was due to the development of a 
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triaxial stress state in the concrete core, and the 
ability of the steel section to fully plasticize with 
the maximum stress being the ultimate strength of the 
steel section. Given an ultimate moment capacity of the 
composite section as determined with these increased 
strength values and a plastic stress distribution, it is 
recommended that a straight line interaction curve with 
an amplification factor which reflects the decrease in 
strength due to P-A effects and the reduced flexural 
stiffness due to cracking of the concrete core would be 
the most appropriate formulation. 

Current design methods are based on imposing strain 
compatible conditions at loading points or at points on 
the columns where the load is introduced. It is 
recommended that a simple formulation be considered to 
reduce the ultimate load capacity for columns where 
Strain compatibility is not ensured. Such a formulation 
has been developed based on the limited data from this 
test series. Utes, a, functioneof the column slenderness 
ratio (as determined by the radius of gyration of the 
steel section alone) and the eccentricity of the applied 
load. For the practical range of slenderness ratios from 
30 to 90, the reduction in load carrying capacity when 
Strain compatibility is not ensured varies from 0 per 
cent to 18 per cent for concentrically loaded columns 
and less for eccentrically loaded columns. 


Shrinkage of the concrete for this structural element 
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may be neglected since the exposed area of concrete is 
relatively small and exposure time during construction 


is short. 


8.3 Future Work 
From this investigation it is concluded that further 
research is required in the following areas: 

1. Analytical work is required to develop mathematical 
models for the macro-interlocking type load transfer 
mechanisms. These models should be verified | 
experimentally. 

2. A larger sample of data is required on the behaviour and 
the ultimate load capacity of non-strain compatible 
pinned-ended beam columns for both circular and 
rectangular sections. Tests should be conducted on 
columns with a practical range of slenderness ratios and 
eccentricities of applied load. Load transfer mechanisms 
should be monitored. 

3..)The ultimate moment capacity for both circular and 
rectangular composite sections should be thoroughly 
investigated. 

4, Another major area of study is beam column assemblage 
and connection behaviour. It is envisaged that a series 
of tests would be conducted on interior and exterior 
assemblages of two and three storey column lifts subject 
to uniaxial and biaxial bending under realistic loads. 


Beams framing into the columns between splice levels 
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would be connected to the steel shell with connections 
typical of HSS construction. The application of load and 
the load distribution in both the concrete and steel 


should be monitored. 
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